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ABSTRACT
Forward osmosis (FO) is a membrane separation technique which utilizes osmotic pressure as
the driving force to draw pure water through a semi permeable membrane. A draw solution
with a higher osmotic pressure than the feed solution creates an osmotic pressure differential,
driving water permeation. FO is gaining increasing interest in wastewater treatment and
significant opportunities exist in pre-concentrating complex wastewaters (such as digester
sludge centrate) for water, nutrient and energy recovery. Inherently, FO has a low fouling
potential, greater fouling reversibility and high selectivity making it the most viable technology
for pre-concentration thus facilitating nutrient recovery for commercial usage such as
agricultural fertilizers production. It is also of interest particularly in wastewater purification
for re-use purposes where the concentration of nutrients plays a vital role in determining the
water quality which otherwise would cause eutrophication in rivers or lakes. FO integration
with anaerobic membrane bioreactors has demonstrated great potential due to high rejections
of most contaminants. FO stands out through enabling a double barrier approach for subsequent
recovery of pure water by coupling with reverse osmosis (RO), nanofiltration (NF) or
membrane distillation (MD). The concentration of nutrients in anaerobically digested sludge
centrate are quite high and present an opportunity for nutrient recovery. Previously developed
techniques like RO, NF, ion exchange etc. for concentrating nutrients are either energy
intensive or expensive to operate and maintain. FO has a notably high rejection of phosphate
(up to 99%), which is essential for ecology, food industry and agricultural purposes. A
relatively lower rejection (50-90%) of ammonia nitrogen is however a key challenge to be
addressed.
This thesis examined the effect of membrane fouling on the retention of nutrients along with
the impacts of critical operating parameters (i.e. water flux and water recovery) on the rejection
performance of FO process. In addition, key aspects of the FO process including, effective
membrane area, reverse salt flux (RSF) and operation time with respect to their influence on
ammonia nitrogen rejection behavior were individually evaluated. This study has helped
overcome the existing gaps in research, clarifying ammonia nitrogen transport mechanisms and
their dependence on FO process parameters. Moreover, the effect of fouling cake layer on
nutrient retention was isolated from other influencers (i.e. pH, temperature, flux etc.) unlike
any existing research. This research helped to overcome the existing research gap regarding
improvement of retention of ammonia nitrogen by optimizing process parameters. Using
sodium alginate as foulant in the FS, the results indicated that organic fouling caused significant
v

water flux decline. Due to the decline in flux, the ammonia nitrogen retention declined more
steeply with increasing water recovery as compared to a clean membrane with no foulant in
the feed. Although significant decline in ammonia retention was observed with decline in flux
but the fouling layer itself had inadequate selectivity to hinder ammonia nitrogen transport. At
same flux and water recovery, clean and fouled membranes had same ammonia nitrogen
retention.
The results also showed that water recovery had an inverse relation to the ammonia nitrogen
retention and a declining trend in retention was seen with increasing water recovery. On the
other hand, larger effective membrane area increased the ammonia nitrogen retention at the
same water recovery and flux. With larger membrane area, the same water recovery was
achieved in a lower operational time which also indicated ammonia retention to be closely
related with operation time. Similarly, ammonia retention was compared at two different initial
flux (i.e. 25 and 15 LMH) and retention was notably higher at greater initial flux. Contrary to
other research findings, ammonia transport was unaffected at higher or lower RSF elucidating
that although RSF may be one of the causes of ammonia transport, quantitative change does
not influence the transport. Further, this thesis demonstrated that pre-treatment using filtration
and centrifuge of raw digester sludge centrate does not affect fouling behavior and both (raw
and filtered) showed a similar flux decline trend. Physical cleaning by high crossflow velocity
flushing of the fouled membrane did not effectively remove sludge centrate fouling even by
increasing cleaning duration (from 30 minutes to 120 minutes). However, when osmotic
backwashing of the fouled membrane was applied, 92% and 85% of flux was recovered for
alginate and centrate fouled membranes, respectively. This proved that osmotic backwashing
is an effective cleaning strategy for FO membranes. Conclusively, no change in ammonia
nitrogen retention was seen after osmotic backwash of the fouled membranes indicating that
membrane integrity remained intact.
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CHAPTER 1: INTRODUCTION
1.1 Background
Nutrient recovery is the application of methods for recovering nutrients (e.g. nitrogen and
phosphorus) from wastewater streams which would otherwise end up being discarded or
consumed biologically, and processing them for sustainable usage as agricultural fertilizers.
Phosphorus is an essential mineral for life in all living beings. It is associated with growth and
nutrition making it vital for ecology, food industry and agricultural purposes [1, 2]. Along with
nitrogen and potassium, phosphorus is the main component for commercial fertilizer
production [3]. Although phosphorus is replenishable by nature’s own biogeochemical cycle
with time, it is being consumed faster than its regeneration rate [4-6]. Primary reservoir for
extracting phosphate (phosphate rock) is becoming depleted and threatens world food security
[1, 2]. With the globes alarming population growth, these reserves may only last a couple
hundred years with peak production occurring in 2170 unless phosphorus is recycled at a
massive scale [7]. Luckily, a huge potential exists for recycling and recovery from wastewaters
such as municipal waste, dairy, agricultural waste and industrial waste. [4]. Human urine
contributes about half the phosphate load and almost 80% total nitrogen flowing to municipal
wastewater treatment plant [4, 8, 9].
Nitrogen availability however, unlike phosphorus, is inexhaustible as nitrogen can be
synthesized to form ammonia by industrial processes such as Haber-Bosch [4]. Although this
process makes ammonia widely available for fertilizer industry, high production costs are
associated to it due to ammonia synthesis being energy-intensive. The excessive energy
requirements of this process is related to break the nitrogen triple bond. 90% of nitrogen used
in fertilizer production occurs through ammonia production which accounts for 1.2% world’s
total energy consumption [4]. Along with increase in food processing as well as distribution
expenses, additional cost is incurred due to higher energy prices making fertilizer production
costly. Apart from economical aspects, environmental impacts of nutrients coming from either
municipal waste or by run off from unused fertilizer in soil, lead to eutrophication [10]. Due to
this ecological hazard, stringent water quality guidelines prevent disposal of effluents
constituting of nutrients [4, 9, 11, 12].
Conventional wastewater treatments plants are well equipped to remove nutrients, organic
matter and pathogens to meet effluent discharge guidelines. Activated sludge treatment is a
well-established technology utilizing biological process to remove carbon and nitrogen content
1

from wastewater subsequently converting them into carbon dioxide, nitrogen gas and biomass
[10, 13]. This, however, is ineffective in facilitating nutrient and energy recovery which is
wasted during biological activity, and the demand for aeration also makes the process energy
intensive. To overcome these hindrances and optimal utilization of resources, anaerobic based
treatment processes have gained significant spotlight [14-16]. Anaerobic waste treatment not
only minimizes energy requirements by cutting aeration needs, but also innovates potential for
energy generation through biogas production and more efficient nutrient recovery [10, 17].
Biogas conversion to heat and electricity is seen as a renewable resource with promising
opportunity in wastewater recycling [18]. Despite significant potential of recovering embedded
energy, anaerobic digestion of raw wastewater faces major challenges restricting the feasibility
of the process [10]. Raw wastewater has a low concentration of organic matter, which hinders
maintaining a suitable organic loading rate in the anaerobic digester. Consequently, a low
biogas yield results along with incomplete organic pollutants removal. In addition, methane is
sparingly soluble in water and a low biogas yield inevitably loses methane via effluent
discharge [19]. Multiple technologies such as microfiltration (MF) and ultrafiltration (UF) have
been integrated with anaerobic membrane bioreactors (An-MBRs) for concentrating organic
matter, but they perform poorly in retaining dissolved organic carbon and nutrients. Hence,
lower quality effluent is produced and energy recovery remains ineffective [10, 19].
Further developments in anaerobic treatment technology has resulted in unconventional
hybridization of An-MBR technology. This includes integration of superior retention
membrane processes such as reverse osmosis (RO), nanofiltration (NF), membrane distillation
(MD) and forward osmosis (FO) [20]. Amongst these processes, FO stands out due to its low
fouling potential, high fouling reversibility and high separation efficiency [21, 22]. FO is an
upcoming membrane separation technique which uses the natural osmotic pressure to extract
high quality effluent water from wastewater using a selective membrane with draw solution on
one side and feed water on the other. Fresh water permeates to the draw side due to osmotic
pressure differential resulting in osmotic driving force [23, 24]. FO is a favorable and
promising technology for integration with anaerobic treatment to recover nutrients from
wastewaters, due to its high retention of most contaminants [17, 25, 26]. Concentrating
nutrients (i.e. phosphorus and nitrogen) in wastewaters is done by extracting water from it, and
this allows the sequential recovery of the nutrients. The nutrients would otherwise flow into
streams having a potential to cause eutrophication and phosphorus being finite and
irreplaceable needs to be recovered. Fresh water can be later recovered from the draw solution
2

by other techniques like RO and MD [23, 24]. FO has very high rejection of phosphorus but
relatively low rejection of ammonia nitrogen [10]. It is however, crucial to maintain nutrient
concentrations in effluents within limits to meet water quality guidelines.
Fouling of FO is less severe than RO/NF processes mainly because of the absence of hydraulic
pressure which induces a highly compact and dense fouling layer. Although FO has high
fouling reversibility, FO membranes are prone to fouling when filtering complex wastewaters
such as digester centrate [27]. Occurrence of fouling on the membrane surface can alter the
membrane performance and its ability to reject solutes. Several researchers have observed
effect of fouling on trace organic contaminant (TrOCs) rejection [28-30]. Xie et al. [28]
observed an increase in TrOCs rejection due to thin sparse fouling layer formed on the
membrane surface. Similarly, Blandin et al. [29] found out enhanced rejection performance for
TrOCs due to fouling. These studies have motivated this research to elucidate the effect of
fouling on nutrient retention, specifically ammonia nitrogen retention.
1.2 Objectives and scope of thesis
This investigation is conducted to elucidate the effect of fouling on the retention of nutrients
(orthophosphate and ammonia nitrogen) using a bench scale FO setup. The impact of operating
conditions, specifically, flux and water recovery are also systematically evaluated.
Additionally, the role of membrane area, RSF and operation time in nutrient transport
mechanisms is examined and suggestions for optimization are presented. Further in the study,
the effect of pre-treatment (filtration and centrifuge) on fouling using digester sludge centrate
as feed, as well as fouling removal by physical cleaning methods (i.e. high crossflow velocity
flushing and osmotic backwash) is investigated. The objectives of this study are to:
•

Overcome the research gaps due to lack of studies specific to the effects of fouling on
nutrient transport by evaluating phosphate and ammonia nitrogen retentions of clean
and fouled membranes at same water recovery.

•

Analyze FO nutrient transport influencers (i.e. flux, water recovery, effective
membrane area, operation time and RSF) to give suggestions for optimizing retention
of nutrients in FO process.

•

Characterize membrane fouling and demonstrating effectiveness of physical cleaning
methods (i.e. flushing and osmotic backwashing) using sludge centrate as feed to
mitigate fouling for enhanced ammonia nitrogen rejection.

3

1.3 Thesis outline
This thesis comprises of five chapters. In chapter 1, the introduction and objectives of this
thesis are mentioned. Chapter 2 is the literature review and it summarizes the available
literature related to this topic. Chapter 3 is the materials and methods which gives detail of the
experimental setup, protocols, analysis techniques and calculations used in this investigation.
Further, chapter 4 presents the results of the study and detailed discussion on the outcomes.
Finally, chapter 5 summarizes the key findings of research and provides recommendations for
future work.
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CHAPTER 2: LITERATURE REVIEW
2.1 Membrane technology
Membrane technology has long been studied in the laboratory and its history dates back to
almost two centuries but it was not until the mid-19th century this technology realized
significant industrial application [31]. There were several reasons for this such as membranes
being unreliable, expensive, slow, and unselective. Membranes control the rate of permeation
of a chemical/compound through them by acting as a barrier thus allowing some to pass through
while retaining the rest when placed between two phases or medias, this is usually possible by
application of an external force or a concentration gradient [31, 32] (Figure 1).

Figure 1: Movement of fluid to higher concentration of ions from lower concentration in FO.

2.1.1 Osmosis and Osmotic Pressure
Osmosis is the movement of water through a selectively permeable membrane from a higher
chemical concentration ionic solution to a lower concentrated one [33]. The driving force is
the concentration gradient or difference in concentrations of the two phases separated by the
membrane which allows selective movement of ions across it while rejecting the rest. Pressure
differential between two phases is established due to difference in ionic concentrations, this is
called the osmotic pressure differential (Δπ) and is the sole driving force in FO process [33,
34]. It is this pressure that must be overcome to stop the flux and a further increase in external
hydraulic pressure (ΔP) reverses the flux, this occurs in RO. Pressure retarded osmosis (PRO)
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is an intermediate between FO and RO when hydraulic pressure less than the osmotic pressure
is applied such that the net flux still moves towards the concentrated phase [33]. A general
water transport equation through membranes (
Equation 1) which describes water transport in all three processes is [33,
34];
𝐽𝑤 = 𝐴( 𝜎𝛥𝜋 − 𝛥𝑃)

Equation 1

Where 𝐽𝑤 is water flux, permeability constant A of the membrane and reflection coefficient 𝜎
representing membrane’s rejection capability.
A common phenomenon in FO is the diffusion of solute to the feed side. It is referred to as
reverse solute flux which limits the performance of FO. This diffusion of solute causes the
pressure differential to minimize as the concentration gradient becomes less. The diffused
solute along with contaminants in the feed tends to form a cake layer on the feed side of the
membrane thereby causing even more reduction of the flux, this phenomenon is called
concentration polarization and it plays a very significant role in determining membrane
performance.
2.1.2 Mass transfer mechanisms and types
Mass transport through membranes can be generally categorised based on the phenomena that
facilitates the permeation that is; size exclusion in which the solute in the solvent smaller than
the pore size permeate through the membrane pores, or diffusion due to concentration gradient.
Membranes classification is based on the pore size (diameter of cavities), which also
determines what transport model, i.e. solution diffusion model or pore flow model, best
demonstrates the transport [31]. In diffusive tranport the molecules are dissolved in the
membrane material and consequently diffuse through it from a higher concentration to a more
dilute phase. Seperation is based on the rate of diffusion and differences in solubilties of the
permeant molecules. This concept was theoretically and experimentally demosntrated by Fick
in 1855 which resulted in the
Equation 2 known as the Fick’s law of diffusion [31];
𝑑𝑐

𝐽𝑖 = −𝐷 𝑑𝑥𝑖

Equation 2

𝑖
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Pore flow model relates to pressure driven convective flow which is covered by the Darcy’s
law (

Equation 3) which

recognises the flow in a porous media.
𝑑𝑝

𝐽𝑖 = 𝑘 ′ 𝑐𝑖 𝑑𝑥

Equation 3

2.1.3 Concentration polarization
Concentration polarization is the build-up of solute on the membrane surface as a result of
permeation of water across the membrane and simultaneous blockage of solute by the
membrane. This phenomenon is associated with all osmotic-driven and pressure driven
membrane processes and results in lower water flux than achieved otherwise without it. The
increased solute concentration reduces the osmotic pressure differential due to increased
osmotic pressure on the feed side. In FO the declining flux is affiliated to two distinct transport
phenomena (external concentration polarization and internal concentration polarization) which
are discussed below.
2.1.3.1 External concentration polarization
The accumulation of solute on either side of the FO membrane causing a decline in osmotic
pressure differential is refered to as concentration polarisation. This is caused by the
convenctive permeate flow in pressure driven membranes like RO on the active membrane
layer [33]. In osmotic pressure driven membranes this bulidup of solute on the active membrane
side is due to water influx from the feed flow, and is refered to as concentrative external
concentration polarisation. Concurrently, the water influx dilutes the draw solution on the
permeate-membrane interface, reducing the effective osmotic pressure. This is known as
dilutive external concentration polarization. However external concentration polarization can
be controlled and minimized by altering the operating parameters such as a higher cross flow
velocity and turbulence close to membrane surface. Lowering the water flux can also diminish
external concentration polarization but is not practical because of existing low flux of FO.
2.1.3.2 Internal concentration
The asymmetric FO membranes composed of a dense impermeable layer and a more porous
support layer, make the concentration polarization phenomena more complex [33]. In the
absence of external concentration polarization, the only driving force is the osmotic pressure
differential which creates the pressure gradient for water flux. Depending on the orientation of
the membrane, concentrative or dilutive ICP occurs. In FO mode operation, the support layer
faces the draw solution and the inflow of water dilutes the solute within the layer and is known
7

as dilutive internal concentration polarization (Figure 2 a). If the support layer faces the feed
side (PRO) a polarized layer forms within this porous layer on the dense separating and porous
layers’ interface (Figure 2 b). This is known as concentrative ICP and is similar to concentrative
external concentration polarization, but forms within the membrane thus making it impossible
to overcome by an increased crossflow velocity. [33, 35].

Figure 2: Illustration of ICP in asymmetric FO membranes, (a) Dilutive ICP and (b)
concentrative ICP [36].
2.1.4 Reverse solute flux
The high concentration gradient in FO enables the diffusion of draw solute through the
membrane to the feed side causing multiple issues such as contamination of feed, loss of solute,
membrane fouling and lowering the concentration gradient [36]. This undesirable phenomenon
limits the use of FO in various operations involving sensitivity of feed. Smaller molecules
(lower molecular weight) with higher diffusion constants tend to exhibit greater reverse solute
flux whereas larger molecules with lower diffusion are less susceptible to this phenomenon.
This however leads to dilutive ICP as larger molecules tend to have lower diffusion constant,
so a tradeoff usually exists between a minimizing ICP or reverse solute flux. Fick’s law relates
solute flux Js to the concentration gradient ΔC in
Equation 4 [36].
8

𝐽𝑠 = 𝐵𝛥𝐶

Equation 4

An important parameter for assessing reverse solute flux is the specific reverse solute flux
Jspecific given by
Equation 5
𝐽

𝐽𝑠𝑝𝑒𝑐𝑖𝑓𝑖𝑐 = 𝐽 𝑠

Equation 5

𝑤

Where Jw is water flux. This is a measure of membrane selectivity and is the ratio of solute flux
to water flux. It becomes a crucial parameter for the performance evaluation of FO, other than
permeate flux and salt rejection. A lower ratio signifies higher FO efficiency and increased
membrane selectivity [36]. Selectivity of the active layer determines this ratio, but is
independent of draw solute concentration and membrane’s support layer structure [37]. This
induces significant research needs for development of high selectivity membranes.
2.2 Forward osmosis for wastewater treatment
In recent years, FO applications for wastewater treatment have risen outstandingly. FO has
several advantages over conventional wastewater treatment technologies that has motivated
these potential applications. Lower fouling potential enables FO to be used for complex
solutions which otherwise requires pre-treatment making the overall process expensive. FO
also has high rejection for most contaminants and is not energy intensive. Draw solute recovery
process may be combined with FO to recover pure water for sustainable reuse. All these
benefits have encouraged exploration of several system configurations for optimal water
recovery and wastewater treatment.
2.2.1 FO module configurations
FO membrane module configurations are similar to that of RO. Ideally, module configuration
should be such that it gives high packing density as well as allows sufficient crossflow to
prevent particle deposition [33, 38]. Membrane modules can be found in hollow fiber, spiral
wound and plate and frame configurations, and their use depends on type of feed for treatment
[33, 38]. Spiral wound membranes give the highest packing density, but their use is limited for
high fouling wastewater which can clog the spacers. Hollow fiber modules can also have high
packing surface to volume ratio but like spiral wound they also are more prone to fouling with
high fouling wastewater. Plate and frame modules are the most suited configuration for high
potential fouling wastewaters. They allow high crossflow velocities to reduce concentration
polarization along with significant ease of cleaning either by physically flushing or through
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osmotic backwashing. Considering these benefits, plate and frame modules are widely used
for wastewater applications. However, they are considerably more expensive than both other
modules [33, 38].
2.2.2 FO system configurations
FO can be integrated with membrane bioreactors in current wastewater treatment plants. Two
major configurations that utilize FO are aerobic osmotic membrane bioreactor (Ae-OMBR)
[21, 39-42] and anaerobic osmotic membrane bioreactor (An-OMBR) [17, 26, 43]. There use
depends on the type of wastewater that needs to be treated. Ae-OMBR is the most extensively
researched approach in which FO is integrated into activated sludge bioreactor. This allows
simultaneous contaminant removal or degradation and water recovery when draw solution
recovery process is used. An-OMBR are employed for wastewater treatment with simultaneous
production of biogas. Typically, both these approaches employ a submerged FO module due
to high solids content in digested sludge and mixed liquor which can clog the membrane is
other arrangements. A third configuration also exists which is similar to An-MBR but
wastewater pre-concentration by FO is done preceding anaerobic digestion [44-46]. This type
of configuration has lower fouling potential but adds extra cost of circulation and requires more
space for external module. Thus, submerged configurations are more suitable for wastewater
pre-concentration.
2.3 FO membranes
Majority of the FO membranes tend to be asymmetric having a selective active layer and a
porous support layer. Ideally, FO membranes should have high water flux and near complete
salt rejection along with preventing any migration of solute from draw side to the feed side. To
achieve this a dense, selective and ultrathin active layer is required for excessive salt rejection.
The porous support layer must be thin, durable and mechanically stable for support during long
term operation, and for minimizing ICP. A higher hydrophilicity for increased flux and
diminished fouling susceptibility is needed [34, 38]. However, in actual tradeoffs and
limitations exist with different membranes types and R&D is needed to further improve
membrane performance.
Earlier, in 1960s cellulose triacetate (CTA) membranes from Hydration Technologies
Innovation (HTI) were the market leaders in FO membranes due to their membranes being
thermally, chemically and biologically stable as well as their ability to withstand a range of pH.
These membranes are mass produced by phase inversion [34]. Over the next decade TFC
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membranes were vastly studied and developed to overcome the shortcomings of CTA
membranes and soon overtook the market. This is due to their high rejection capabilities as
well as reduced ICP due to thin support layer compared to CTA membranes thickness which
was more prone to ICP. TFC membranes made up of thin polyamide layer as active layer and
a polysulfone support layer, exhibit higher permeate flux as well as better pH range. The thin,
cross-linked aromatic polyamide film is coated onto the support layer using interfacial
polymerization [34]. Widely manufactured by Porifera Inc, which dominates the market.
Apart from CTA and TFC membranes polyelectrolytes have been investigated in the last
decade as a substitute to TFC membranes but large scale production is still an impediment yet
to overcome [34]. Double skinned CTA membranes also emerged and studied specific for
wastewater treatment show great potential [38]. Ng et al. [47] fabricated a novel double skinned
hollow fiber TFC membrane which showed promising results in sludge concentration. Higher
flux, improved salt rejection and remarkable anti fouling capabilities were displayed yet more
large scale studies are still needed to see the practicality of these membrane in wastewater
applications [48, 49]. A rather novel design approach in FO membrane development process is
biomimetics based on exceptional water transport characteristic of biological membranes.
Natural proteins referred to as aquaporins, constitute as building blocks for membrane, allow
enhanced permeability and near-complete salt rejection. Commercially produced by Danish
company Aquaporin A/S [34].
2.4 Draw Solutes
Draw solutes or draw agents are dissolved in water to form an aqueous homogenous mixture.
Desired to achieve a low chemical water potential to generate high osmotic pressure as well as
being able to regenerate easily when the mixture is diluted after FO operation. Yet these are
contradicting requirements. Draw solutes are also expected to possess certain characteristics to
make them suitable for FO operation [50, 51]. Firstly, they must be chemically stable and
suitable to membrane such that no damage is done to membrane after usage. Secondly, for the
regenerated draw solute must be non-toxic to human or environment. Thirdly, their viscosity
should be low for easier circulation and must have higher diffusion coefficient to lessen ICP.
Finally, they should have minimum RSF and must be cost effective in terms of regeneration or
re-concentrating [50, 51].
Draw solutes can be categorized into two distinctive categories. Responsive and nonresponsive draw solutes on the basis of changing water affinity reciprocating to a stimuli like
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temperature, pH, light or electromagnetic field [50]. Non-responsive draw solutes are mostly
used when regeneration is not needed and diluted DSs are to be utilized directly such as in
irrigation, desert restoration and hydration bags. Inorganic salts such as NaCl, MgCl2, KCl,
polymers and organic molecules, surfactants, are the major types of non-responsive draw
solutes [50]. Responsive draw, a kind of smart draw solutes, usually exhibit phase transitions
among two states with varied water affinities in response to stimuli. This assists in regeneration
as well as maintains draw solute integrity and draw ability. Nanoparticles, hydrogels,
metathesis precipitable salts, soluble gases and volatile liquids, switchable polarity solvents,
NH3-CO2 draw solutes and thermally responsive draw solutes are the major types of responsive
draw solutes [50]. Summary of draw solute types is given below (Table 1).
Table 1: Summary of draw solute types, adapted from [50].
Category

Nonresponsive

Draw Solutes

Examples

Inorganic salts

NaCl, MgCl2, Na2SO4, (NH4)2SO4, Ca(NO3)2),
KHCO3
PSA, poly (aspartic acid), copolymers

Polymers
Organic compounds

Responsive

(Magnetic)
nanoparticle
Thermally responsive
hydrogels
Metathesis
precipitable salts
Dissolved gases or
volatiles
NH3-CO2
combination
Switchable polarity
solvents
Thermally responsive
organic compounds

Sodium salts of organic acids, zwitterions,
hydroacid complexes
Carbon quantum dots and Fe3O4 with surface
modification
PNIPAm, copolymers with PSA, semi-IPNs,
polyionic liquids
CuSO4/MgSO4 + Ba(OH)2 + H2SO4 + Al2(SO4)3 +
CaO
SO2, NH3, CO2, dimethyl ether
Ammonium bicarbonate, carbonate and carbamate
Tertirary amines-CO2, PDMAEMA-CO2
PPG, PEI, glycol ether, ionic liquids

2.4.1 Draw solute recovery
FO utilizes draw solutes to concentrate wastewaters by drawing pure water out of it. This is
only possible when there is osmotic pressure difference between the feed and draw, but
gradually during the process the draw becomes diluted by the permeating water. Thus, draw
solute replenishment must be done to maintain the osmotic pressure and provide the driving
force necessary for the process [52]. The draw solution needs to be regenerated for the FO
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process to be sustainable, and to extract potable water for making the process environmentalfriendly. For this purpose, a supplementary desalination process is required to re-concentrate
draw solute and produce fresh water. Several methods such as membrane separation,
precipitation, thermal separation, stimuli–response and combined processes as well as direct
usage without recovery have been reported in the literature [53]. These hybrid processes like
FO-MD are often termed as double barrier approach for contaminant removal when potable
water is to be reused.
The main challenges faced by regeneration technologies to become sustainable are them being
energy intensive, low water quality and recovery rates, and complex procedures [53]. Amid
these challenges, membrane processes like MD and NF appear to be popular technologies. MD
requires low heat which can be supplied by waste heat, biogas (generated simultaneously by
anaerobic digestion) CHP systems or renewable sources such as solar [54]. Although research
is being done on innovative techniques for effective draw solute recovery, limited studies have
been conducted comparing energy efficiencies of these processes. Therefore, alternatives to
avoid exaggerated energy costs have been considered. Abundantly available solutions such as
seawater or RO brine which can be directly discharged to the environment have gained
significant attention [55]. Using such alternatives can eliminate extra costs but the main
drawback is that clean water is not produced.
2.5 FO membrane flux and parameters affecting it
2.5.1 Temperature
Effect of temperature on FO performance is significantly prominent and transmembrane
temperature difference remarkably affects water transport through FO membrane. In general,
increase in process temperature increases the overall water flux through the membrane due to
decreased viscosity of water [56-59]. With increase in FS temperature membrane properties
are altered, increasing the solute diffusivity along with reduction of water viscosity which is a
hindrance to water permeation [57]. Water and solute permeability coefficients (A and B,
respectively) of the membrane raise with increasing temperature [57]. An increase in osmotic
pressure and draw solute diffusivity (RSF) is also observed with increasing draw solution
temperature [56-58]. Thus, water flux can be enhanced at the cost of increased RSF in
polymeric membranes. Alleviated ECP results due to increased diffusion coefficient thereby
augmenting the overall mass transfer coefficient [57, 58]. A difference in feed and draw
solution temperatures also effects the rejection of neutral contaminants. Higher feed
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temperature increases the diffusivity of neutral contaminants ensuing decreased rejection
whereas an opposite behavior is observed if the draw solution temperature is higher [57]. This
is variance is attributed to increased RSF induced by increased solute diffusivity, which hinders
forward diffusion of the contaminants [57]. Typically, an increase in water flux (resulting from
increased draw solution temperature) directly accounts for increased rejection in all membrane
processes [57]. Notably, at excessively high temperatures membrane polymeric matrix can be
damaged and deformed [38].
2.5.2 pH
The performance of FO membranes is strongly influenced by FS pH [10, 60-62]. The pH is
known to effect FO membrane structure by altering its cross-linked polymeric structure and
wettability [62]. Membrane surface has functional groups which are ionized with increasing
pH due to increased electrostatic repulsion between them [62]. This results in larger average
pore sizes which eases the hindrance to water permeation thus increasing the water flux [62].
Moreover, at higher pH the membrane surface becomes less hydrophobic due to greater
dissociation of functional groups present at the membrane active layer [62, 63]. This also eases
water permeation due to decreased hydrophobicity [62]. Notably, with an increase in water flux
the reverse solute permeation is suppressed. At elevated pH the membrane surface also
becomes more negatively charged further declining the solute permeation [62]. Overall,
membrane selectivity as well as permeability is impacted by pH variation. Consequently, at
excessively high or low pH values, peptide bonds of polymeric chains in polyamide membrane
materials can break resulting in poor performance of FO process [33, 38].
2.5.3 Membrane orientation
FO membranes are asymmetric having an active layer that is highly selective and a porous
support layer for mechanical stability. Ideally, an FO should have high water permeability as
well as be thin and symmetric with high selectivity [33, 35, 64, 65]. However, due to robustness
of the process a support layer is imperative for mechanical support [64, 66, 67]. Due to this
asymmetry in membrane design the FO process is highly influenced. In FO mode the active
layer faces the feed whereas in PRO mode the active layer faces the draw solution, both have
certain advantages and disadvantages over each other. Water flux is significantly higher in PRO
mode compared to FO mode due to membrane structural resistance which is enhanced due to
dilutive ICP in FO mode [35, 68, 69]. The permeating water dilutes the draw solution within
the support layer at the active layer-support layer interface which reduces the net osmotic
driving force and hence the flux is greatly reduced. However, when the orientation is reversed,
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the effect of concentrative ICP due to support layer at the FS side is less on the water flux [64].
Regrettably, the advantage of higher flux comes at the cost of higher RSF and higher fouling
potential [70, 71]. Thus, for most wastewater applications FO mode is preferred over PRO
mode to reduce the back diffusion of solute from draw solution and minimize fouling [64].
2.5.4 Draw solute concentration
Draw solute concentration directly affects water flux in both FO and PRO modes. Permeate
flux increases with increasing draw solution concentration due to increasing osmotic pressure
which provides higher driving force. However, the increase of flux with increasing draw
solution concentration is non-linear due to ICP as well as dilution of the draw solution with
time due to water flux [72]. ICP plays a significant role in diminishing the net osmotic driving
force, especially in FO mode. The effect becomes more severe with increasing draw solution
concentration [72]. Likewise, dilution effect also becomes more pronounced with increasing
draw solution concentration, so it is vital to ensure that crossflow velocity is high enough to
overcome it at the draw side [72].
2.5.5 Crossflow velocities
Cross flow velocity indirectly influences water flux by impacting ECP at the AL-FS interface.
The solutes diffused from draw solution accumulate on the AL-FS interface reducing the
effective driving force due to ECP [61]. Higher cross flow results in mitigating this
accumulation and swiftly carries away the solute molecules thus maintaining the effective
driving force. At higher cross flow, thinner mass transfer boundary layer results in higher mass
transfer rate according to the film theory [73]. Phunctsho et al. [64] concluded that the water
flux increases with logarithmic increase of crossflow velocities and an optimal crossflow
velocity exists beyond which increase in water flux is negligible. Similar results were observed
by Xu et al. [72]. It is also noteworthy that higher cross flow velocity is ineffective in
overcoming ICP [61] which occurs within the support layer but reduces membrane fouling
significantly [33]. Spacers are also used to mitigate fouling and reduce ECP by causing
turbulence thereby improving mass transfer and enhancing water flux.
2.6 Membrane Fouling
Membrane fouling refers to the accumulation or deposition of undesirable substances on or
inside the membrane resulting a decline in permeate flux and solute rejection [60, 61, 74].
Fouling phenomena occurs in all membrane processes such as NF, RO and FO, limiting the
membrane performance, membrane life and increased economics due to cleaning and
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maintenance [34, 61]. Build-up of colloids, inorganic compounds, organic macromolecules and
micro-organisms lead to this blockage of membrane functionality [61]. Fouling mechanisms
associated to solution chemistry, membrane surface properties and hydrodynamic conditions
in osmotic driven membrane processes (ODMPs) are similar to pressure driven membrane
processes (PDMPs), however enhanced fouling due to ICP and reverse solute flux are unique
and limited to ODMPs [61]. Due to high hydraulic pressure, fouling is more intense and the
layer is denser in PDMPs compared to ODMPs in which it is less compact resulting from
osmotic pressure differential which is the only driving force. Also due to this, fouling in
ODMPs is more reversible and in some cases flux is restored to almost the initial value [38,
61, 75].
2.6.1 Types of fouling
Fouling can be referred to as external or internal based on the membrane orientation [61, 74].
In FO mode the active layer faces the feed side and the fouling in this case is external fouling
occurring on the membrane surface as a cake layer, similar to RO membrane fouling. This type
of fouling is generally easier to mitigate and control by optimizing operating parameters such
as higher cross flow velocity, feed spacer, and pulsed flow, or by using air scouring [61].
Internal fouling occurs within the porous support layer when it faces the feed side in PRO
mode. This phenomena is much more severe and osmotic backwash method is employed to
clean the membrane [61, 74]. Based on characteristics of foulants, there can be four types of
membrane fouling [34, 61, 74];
•

Organic fouling – the accumulation of macromolecular organic compounds

•

Colloidal Fouling – accumulation of colloidal particles

•

Scaling – precipitation of sparingly soluble inorganic compounds

•

Biofouling – deposition and adhesion of microorganisms forming a biofilm

2.6.1.1 Inorganic fouling
The formation of dense inorganic crystals on the membrane surface due to presence of nano or
colloidal particles is inorganic fouling [76]. Common inorganic foulants deposited on the
membrane surface are Ca, Na, Cl, sulfate, phosphate, nitrate and nitrite along with trace
amounts of Al, B, Fe, Ni, Mn, Cu, Pb, K and Si. They are deposited by surface crystallization
known as scaling which is a common phenomenon in high pressure membranes like RO. In
FO, surface crystallization initiates due to high saturation of scaling ions on the membrane
surface when water permeates towards the draw side [76]. Although FO membranes are
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reported to have higher resistance to scaling compared to RO [77]. It is noteworthy that higher
Ca concentration may lead to formation of complex compounds with natural organic matter,
subsequently facilitating the evolution of intermolecular bridges in organic molecules leading
to enhanced membrane fouling. Furthermore, the fouling layer formed traps the dissolved salt
ions near the surface and hinder the back diffusion. This accelerates cake-enhanced osmotic
pressure inside the fouling layer causing severe flux decline [76]. Combination of phosphate
with Mg or Ca to form sparingly soluble magnesium phosphate and calcium sulphate salts
leading to significant fouling [76].
SEM images of scaling or inorganic colloidal fouling are shown in Figure 3. It is noteworthy
that rougher surfaces arbitrate initial colloidal fouling and further surface crystallization makes
the surface rougher which in turn accelerates scaling [76].

Figure 3: SEM images of inorganic fouling [76].
2.6.1.2 Organic fouling
Organic fouling in secondary wastewater effluents is caused by presence of dissolved organic
matter which comprises mainly of polysaccharides (alginate), proteins, natural organic matter
(humic substance) [78]. Organic fouling by humic acids depends upon specific membrane
physiological factors like zeta potential, membrane roughness, hydrophobicity and membrane
material, etc. [79, 80]. Characteristics of membrane foulants such as the chemical composition
and concentration along with physicochemical effects of FO such as RSF, temperature, solution
chemistry have significant impact on extent of organic fouling [81]. Figure 4 shows the SEM
image of organic fouling.
Higher Ca2+ concentration increases flux decline and causes more severe fouling in organic or
inorganic fouling separately [79, 82]. Ca ions result in development of cross-linked alginate17

gel layer due to intermolecular bridging in organic fouling, and destabilizing colloidal particles
more vigorously in inorganic fouling [76, 82]. Usually both organic and inorganic colloidal
fouling occurs simultaneously in actual operations and the presence of Ca ions forms more
irreversible organic-colloidal fouling which contributes to lower flux recovery [82].

Figure 4: SEM images of Organic fouling in FO membranes[79].
2.6.1.3 Biofouling
Biofouling is the accumulation of microorganisms along with agglomeration of extracellular
materials on the surface of membrane [83]. A fouling layer is formed known as biofilm is
formed due this gradual adherence of microorganisms with subsequent attachment of
extracellular substances [83, 84]. This biofilm defers to other fouling types as it not only
involves physicochemical interactions between bacteria and membrane surface, but also
biological growth associated to accumulation of microorganisms. Biofilm is inevitable when
dealing with wastewaters having nutrients and microorganisms [85]. It adversely affects
membrane performance in terms of flux and permeate quality along with biodegradation of
membrane. High costs to replenish membrane materials as well as cleaning results in poor
economics [84].
Biofouling process is complex and involves microbial activities. It starts with deposition of
conditioning film or deposit layer causing subsequent bacterial attachment and quick growth
of biofilm along with production of extracellular polymeric substances and film maturation
[86]. Figure 5 shows the formation of biofilm in FO and RO with the film being much more
compact and irreversible in RO due to high hydraulic pressure while a loose layer is formed in
FO [84]. Along with additional hydraulic resistance, the effective driving force is also reduced
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owing to biofilm enhanced osmotic pressure (BEOP) which is similar to cake-enhanced
osmotic pressure [84].

Figure 5: Biofouling process in FO and RO. Figure taken from [84].
2.6.2 Factors affecting fouling
2.6.2.1 Hydrodynamic conditions
Hydrodynamic conditions such as crossflow velocity, initial water flux and temperature play a
critical role in influencing membrane fouling in osmotically driven membrane processes.
Similar to pressure driven membrane processes, membrane fouling is exaggerated at elevated
water flux and lower cross flow velocity [61, 87-89]. Higher fouling potential due to higher
flux was linked to three reasons [61, 82, 90, 91]. Firstly, at higher water flux, more foulant is
brought towards the membrane by convection. Secondly, elevated concentration polarization
is caused at higher flux. And thirdly, larger hydrodynamic drag force pulls the foulant towards
the membrane surface. A concept of critical flux also exists, and fouling is less severe below
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that flux value [61, 92, 93]. Crossflow velocity also strongly impacts fouling mainly due to
mass transfer at the membrane surface and concentration polarization [22, 61, 78]. Foulants
transported towards the membrane from the bulk solution are swiftly carried away at higher
cross flow due to greater shear force generated. Several studies report mitigation of fouling
through increased cross flow velocity in AL-FS orientation [22, 78, 94, 95]. Higher shear force
is generated at the membrane surface due to higher cross flow and air scouring or by additional
turbulence if spacers are used. Interestingly, all of these are not very effective in AL-DS
orientation mainly because of the effect of internal fouling within the support layer being more
dominant [61, 96]. Use of spacers seems promising but may also cause membrane degradation
at hydrodynamic dead zones formed between the spacer filaments and membrane surface [97,
98]. Temperature affects fouling indirectly through its impact on thermodynamic and
hydrodynamic conditions such as increased flux and mass transfer of foulant [61, 99].
Increasing the draw solution temperature increases fouling due to higher permeation drag
induced by greater initial flux. While lower fouling is observed by increasing feed temperature
due to enhanced organic solubility and back diffusion on membrane surface [61, 99]. Zhao and
Zou [100] observed more severe scaling at elevated working temperatures. Indeed, both
hydrodynamic and thermodynamic conditions play a significant role in FO fouling behavior.
2.6.2.2 Feed water composition
Feed water composition plays crucial role in governing membrane fouling. Foulant type,
concentration and properties have a significant impact on fouling behavior. Similarly, feed
water chemistry (pH, divalent ion concentration and ionic strength) has notable impact on
membrane fouling due to their influence on foulant-foulant/membrane interaction and
physicochemical properties (such as shape and surface charge) of foulants. Generally,
membrane fouling is aggravated with increased concentration of divalent cations (Ca2+ and
Mg2+) and ionic strength. This is due to their ability to interact with functional groups and form
complex intermolecular bridges of organic macromolecules. They also reduce the charge
density of the foulants causing weakened repulsive forces and hence increased deposition of
foulants. Increased organic fouling was observed by Mi and Elimelech [101] in presence of
Ca2+ for feed waters containing alginate, humic acid and bovine serum albumin. Higher ionic
strength and lower pH affect fouling by altering the electrostatic repulsion to destabilize the
foulants leading to increased severity of fouling. Interaction among charged molecules is
reduced with increasing ionic strength because of charge screening effects.
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In addition to feed water chemistry, foulant concentration and foulant-foulant interaction are
also pivotal factors altering membrane fouling behavior. Due to varied physicochemical
properties of different types of foulant, their coexistence causes interaction between different
foulant species influencing the fouling phenomena [61, 102]. Membrane fouling is accelerated
when alginate and gypsum coexist causing gypsum crystal nucleation [103]. Similarly,
increased fouling is observed with alginate in presence of lysozyme due to their electrostatic
interaction because of opposite charge [102]. Furthermore, higher foulant concentration
contributes to accelerate fouling in the initial phase of fouling [61, 74, 88]. The reason behind
elevated extent of fouling is the increase in the rate of foulant-membrane collisions causing
greater foulant aggregation at the membrane surface [61].
2.6.2.3 Draw solute composition
Draw solute composition affects membrane fouling due to its impact on permeate flux and feed
water chemistry affected by reverse salt diffusion. The draw solute concentration impacts the
osmotic pressure applied and hence determines the membrane flux. Thus, a higher
concentration of draw solution leads to greater flux which causes enhanced fouling due to
higher permeation drag force [61, 70, 71, 90-93, 97] (as discussed in section 2.8.2.1). Reverse
solute diffusion is also accelerated with increased draw solute concentration, this alters feed
water chemistry due to accumulation of solute and eventually exacerbates fouling [61, 93].
Once a cake layer is formed the diffused salts also tend to accumulate between the layer and
membrane surface causing higher concentration polarization resulting in diminished osmotic
pressure differential [61]. Apart from draw solute concentration, draw solute composition and
type also plays an important role in influencing fouling behavior. The presence of divalent
cations (Ca2+ and Mg2+) in the draw solution and their concentration may enable higher
diffusion from draw solution to FS [61, 71, 93, 104]. This causes additional fouling as these
ions tend to facilitate intermolecular bridging between organic macromolecules and similar
effects as discussed in section 2.8.2.2. Furthermore, certain draw solution species like glucose
[105] or ammonia bicarbonate [106] potentially leads to accelerated biofouling due to reverse
diffusion of constituents promoting biological growth [61]. Gypsum scaling might also be
enhanced if Ca2+ ions are transported from draw solution to FS causing more severe fouling
[104].

21

2.6.2.4 Membrane materials
Membrane structure, type and properties can strongly influence fouling behavior. The intrinsic
separation performance of FO membranes is governed by highly selective active layer and
structural properties of support layer which indirectly affect membrane fouling. A membrane
having high water permeability and selectivity has a higher fouling potential due to greater
hydrodynamic drag force [61] (refer to section 2.8.2.1). On the other hand, a membrane having
low selectivity allows more reverse solute diffusion which can also exacerbate fouling and cake
enhanced concentration polarization [61] (refer to section 2.8.2.3). Unlike membrane
separation properties, membrane surface properties (such as hydrophobicity, surface charge,
surface roughness and functional groups) can directly affect membrane fouling due to foulantmembrane interactions. Generally, a hydrophilic and smoother membrane surfaces has lower
tendency of fouling which explains why CTA membranes are more resistant to fouling than
TFC membranes [61, 102]. Rougher surfaces allow preferential particle deposition at lower
shear rate regions and as a result more severe fouling in the initial stage is observed [107, 108].
Despite higher fouling potential TFC membranes are gaining more popularity over CTA
membranes due to wider pH tolerance range, higher water permeability and selectivity [66,
101, 109].
Membrane hydrophilicity is also reported to significantly impact fouling. Greater repulsive
acid-base interaction prevents adherence of colloidal particles to the membrane surface of more
hydrophilic membranes and hence higher anti-fouling tendency [110, 111]. Further, presence
of rich carboxylic groups exacerbates scaling potential. Mi and Elimelech [94] observed
increase in gypsum scaling due to carboxylic groups on polyamide membrane surface. These
carboxylic groups specifically attract Ca2+ increasing their concentration at the membrane
surface that leads to gypsum nucleation and subsequent crystalline growth over the surface. Jin
et al. [112] perceived that divalent cations can cause bridging of alginate molecules and
carboxylic groups on membrane surface. Membrane surface charge can also influence fouling
due to attraction/repulsion of foulants. A negatively charged membrane repels negatively
charged foulants such as NOMs but at the same time might attract divalent ions causing severe
fouling, thus a more neutral hydrophilic membrane is preferred for commercial applications
[113, 114]. Overall, a neutral, smoother and more hydrophilic membrane with lesser carboxylic
groups exhibits superior anti-fouling tendency [61].
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2.6.2.5 Membrane orientation
Membrane orientation is a unique factor influencing FO membrane fouling. AL-FS orientation
experience less severe fouling than AL-DS due to multiple reasons [70, 92, 97, 115]. Firstly,
active layer is smoother which reduces likeliness of particle deposition when it faces the feed
side. Secondly, the support layer hinders crossflow within the layer itself promoting foulant
deposition and hence causing severe ICP and pore clogging. Lastly, the solutes are rejected by
active layer and entrapped within the porous support layer enhancing ICP. Furthermore, in ALDS orientation, fouling is more resilient to physical cleaning techniques like flushing indicating
higher severity of fouling than in AL-FS orientation [22, 61, 116]. Despite advantages of ALFS orientation in reduced fouling potential, the support layer facing draw solution faces severe
ICP resulting in significant flux decline. Similarly, Mechanical stability might also be reduced
if operated in PRO mode [117]. Therefore, it is crucial for FO application to take into
consideration the combined effect of fouling, membrane stability and ICP [61].
2.6.3 Effect of fouling on performance of FO
2.6.3.1 Flux
Fouling has discernible effect on water flux in FO due to formation of cake layer which causes
increased hydraulic resistance as well as enhanced concentration polarization [45, 61, 70, 118,
119]. Fouling starts with the adsorption and deposition of foulants with subsequent formation
of fouling cake layer hindering the permeation of water through the membrane. Flux decline
due to resistance is more dominant in the start of fouling after which cake enhanced
concentration polarization plays a more significant role in diminishing water flux [118]. The
cake layer formed entraps the solute diffused from the draw side within the layer hindering
back diffusion into the bulk FS. Consequently, the ionic concentration increases at the
membrane-cake layer interface and results in a lower net osmotic driving force due to reduced
osmotic pressure difference between the AL-FS and draw solution [61, 118]. Most researchers
have regarded cake enhanced concentration polarization as the major contributor to flux decline
in fouled membranes [45, 61, 70, 118-120].
2.6.3.2 Membrane properties
Membrane fouling notably alters the hydrophobicity, surface charge and RSF of FO
membranes [119, 121]. TFC polyamide membranes are negatively charged inherently and
fouling causes a decrease in zeta potential of these membranes. This is probably due to the
adherence of positive cations (Ca2+ and Mg2+) on the negatively charged organic molecules of
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fouling layer in wastewaters which makes the surface more neutral [121, 122]. Organic foulants
in feed such as sodium alginate may form cation-stabilized gel promoting adsorption of these
cations lowering the membrane surface charge [112, 121]. Different membrane materials
behave differently to fouling, CTA membranes become more negatively charged due to
presence of carboxylic functional groups when fouled with humic acid [119]. Consequently,
these changes to the surface charge alter the solute permeability coefficient due to electrostatic
repulsion causing diminished RSF. the reason for this could be the steric hindrance of fouling
layer to solute diffusion. Contrastingly, Wang et.al [45] observed no significant impact of
fouling on solute permeability when using FO to concentrate municipal wastewater. He
concluded that the fouling layer itself has poor selectivity and allows solutes to diffuse
unhindered. Several other studies have observed an increase in RSF over long term operation.
Maltos et al. [123] observed membrane degradation which may have occurred due to
interaction of organic constituents (such as aromatic and aliphatic hydrocarbons) with the
membrane active layer compromising its integrity and resulting in exaggerated RSF. Similarly,
Wang et al. [124] observed loss of membrane integrity due to scaling in confined spaces
affecting its selectivity. More research focusing particularly on effect of fouling on RSF is
crucial to evaluate FO performance.
Presence of foulants on the membrane surface also alleviate the surface hydrophobicity which
results in accelerated fouling [121]. Increased hydrophobic interactions between the membrane
surface and foulant causes this expedite in fouling propensity. Humic substances and
polysaccharides constitute municipal wastewaters promoting hydrophobicity hike due to
adsorption of organic compounds on the membrane active layer [112, 121]. Jin et al. [112]
reported increase in active layer hydrophobicity with sodium alginate and linked it to
interaction of Ca2+ with alginate’s high carboxylate functionality. Zheng et al. [121] observed
increase in support layer hydrophobicity with sodium alginate although the support layer faced
the draw solution. This implies some contaminants might have transported from the fouling
layer to the support layer, interfering its hydrophobicity. Nevertheless, explanation of this
phenomena requires further work.
2.6.3.3 Rejection behavior
Impact of fouling on rejection of various contaminants has been reported in the literature.
Deposition of foulants on the membrane surface may increase or decrease the rejection of FO
membrane. Various explanations exist as to why difference in rejections between clean and
fouled membrane are observed. The fouling layer formed influences the permeation of
24

contaminants due to steric hindrance and pore blockage or due to cake enhanced concentration
polarization [28]. Several researchers have observed enhanced rejections of TrOCs due to
fouling cake layer restricting diffusion of these contaminants [28, 121]. Loose fouling layer
formed at lower initial permeate flux causes increased rejection for neutral and charged TrOCs
with lower molecular weight due to greater steric hindrance by pore obstruction [28, 119].
Contrastingly, a dense fouling layer at higher initial permeate flux causes a decline in rejection
of TrOCs due to cake enhanced concentration polarization [28, 30]. Decreased rejections for
higher molecular weight organic contaminants and higher rejection for lower molecular weight
organic contaminants due to fouling was also observed by a handful of researchers but no
strong correlation between molecular weight and rejection was established [125, 126]. Overall,
majority of the studies focused on pharmaceuticals and TrOCs rejection but no research has
yet been done solely to elucidate the effect of fouling on rejection of nutrients (ammonia
nitrogen and phosphate).
2.6.3 Comparison of membranes
Several studies compared the performance of CTA and TFC membranes, concluding that TFC
membranes have a higher fouling propensity. CTA membranes have smoother, more
hydrophilic and neutrally charged surface [39, 127, 128]. Flux stabilized faster in CTA
membranes but TFC membranes had better rejection of smaller organic molecules [128]. CTA
membrane performance surpassed that of TFC membrane in terms of water flux, RSF and
SRSF [39, 127, 128]. Total dissolved solids, mixed liquor suspended solid and calcium
concentrations had no effect on membrane performance and fouling. Additionally surface
roughness and hydrophilicity also had no significant impact [39]. Studies conducted by Mazlan
et al. [127] suggested that surface roughness plays a more significant role in fouling than
surface hydrophilicity. When fouling densities were measured it was found out that foulantmembrane surface interaction cannot be correlated to fouling density.
2.7 Fouling prevention and control
Membrane processes are prone to membrane fouling which is inevitable but effective strategies
can be developed to mitigate fouling. Several promising strategies have been reported in the
literature to minimize fouling in ODMPs. This section summarizes the proven techniques to
control membrane fouling.
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2.7.1 Fouling reduction
Feed water pretreatment is done to curtail membrane fouling by either altering the feed water
chemistry, or by removing foulants and fouling antecedents [61]. Typically, pretreatment
approaches to remove foulants on the basis of size separation include; screening for coarse/fine
media, media filtration, coagulation-flocculation, sedimentation and MF/UF membrane
filtration [129-131]. All of these are extensively studied for NF/RO applications but there is no
available literature reporting their use specifically for ODMPs. This is probably due to ODMPs
being relatively newer, more fouling resistant or their successful integration with existing
technologies within the wastewater treatment plants. Nevertheless, these basic pretreatment for
incoming feed can be applied for both membrane processes due to similarities in feed water
characteristics. Apart from removal of foulants from the feed, few other methods focus on
optimizing feed water chemistry (such as pH, ion composition and ionic strength) or reducing
the nutrients loading [61]. Altering feed water chemistry and nutrients loading can significantly
affect fouling behaviors due to its impact on foulant-foulant/membrane interactions, biological
activity and inorganic scaling precipitation (refer to Section 2.6.2.2 Feed water composition).
Hardness removal methods (Ca2+ and Mg2+ removal) such as ion exchange softening [132,
133], soda ash/lime softening [134], and electrocoagulation/precipitation [135] are commonly
used reduce organic fouling and inorganic scaling risk. Anti-scalant dosage and pH adjustment
(using calcium phosphate and calcium carbonate) is also vastly applied technique for scaling
control [129, 132]. Despite the facts that these pretreatment methods are effective in reducing
fouling, additional costs and energy requirements are affiliated with them [61]. Use of
chemicals may also form additional chemical byproducts causing further environmental
impact. Indeed, tradeoffs do exist, and critical scrutinizing should be done to evaluate most
suitable pretreatment method.
In addition to pretreatment methods, selecting appropriate draw solution and optimizing
operating conditions can assist in mitigating membrane fouling. As discussed in 0Section
2.6.2.3 Draw solute composition draw solution type and concentration are of paramount
importance in consideration for fouling control strategy [61, 136]. Firstly, draw solution should
not constitute of fouling precursors, fouling promoters or nutrients and should have minimal
reverse solute diffusion. Secondly, to suppress fouling, the process should be operated at lower
than the draw solution critical concentration. Although controlling draw solution composition
is achievable in synthetic draw solutions, it is impractical with readily available draw solutions
like seawater or RO brine [61, 93]. Therefore, thorough assessment is needed to reduce severe
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reverse solute diffusion-induced fouling. Typical operating parameters (as discussed in
Sections 2.6.2.1

Hydrodynamic conditions

and 2.6.2.5

Membrane orientation)

such as operating

pressure, water flux, cross flow velocity and membrane orientation must also be optimized to
diminish fouling potential [61]. Ansari et al. [120] evaluated the potential of ultra-sonication
the feed and fount out to be effective in preventing membrane fouling. Overall, several proven
techniques can be applied to reduce fouling after careful holistic consideration of feed water to
be treated.
2.7.2 Membrane cleaning
2.7.2.1 Physical cleaning
Physical cleaning methods such as flushing and osmotic backwash have been extensively
utilized to recover flux of fouled membrane in ODMPs. Membrane flushing relies on increased
shear force induced by higher cross flow velocity. Particles accumulated on the membrane
surface are dragged off due to this tangential hydrodynamic shear force [61].

Several

researchers have reported membrane flushing to be extremely efficient in FO membrane
cleaning, this is because fouling in FO is much less compact and severe than RO/NF processes
due to lack of hydraulic pressure [61, 96, 137]. Mi and Elimelech [101] achieved up to 98 %
organic fouling reversibility with high cross flow velocity and lengthened cleaning duration.
Ansari et al. [120] also observed high efficiency of cleaning by flushing during preconcentration of sludge centrate. Introducing air bubbles (air scouring) has also proven to be
quite effective in reducing fouling in MBRs due to increased shear force [89, 138]. Although
surface flushing seems to be a promising technique, it requires large amount of clean water
which limits the overall water recoverability of the whole process. Flushing also becomes
ineffective in PRO mode (AL-DS orientation) due to lack of shear force exhibited within
porous support layer. Instead, osmotic backwashing is suggested to be distinctly efficient in
overcoming fouling in AL-DS orientation [61].
Osmotic backwashing refers to the reversing of direct of water permeation to induce opposite
permeation drag force. Subsequently causing detachment and removal of foulants adhered to
the membrane surface as well as from within the porous support layer [61, 137]. Detached
foulants are then swiftly carried away from the membrane by crossflowing water. Osmotic
backwash has proven to be effective in restoring flux for complex feed waters such as industrial
wastewater [139], anaerobic digester centrate [27], municipal wastewater [140] and MBR
influent [21, 68].Yet some researchers have reported low efficiency of backwashing and
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attributed it to the accumulated salts within the fouling layer reducing the net osmotic driving
force [96, 141, 142]. Arkhangelsky et al. [96] further enhanced backwashing by applying
hydraulic pressure to overcome internal gypsum scaling and recovered 100% water flux.
Conclusively, the physical cleaning efficiency depends highly on backwashing conditions
(initial flux and duration) as well as membrane orientation and foulant type [61, 143, 144].
2.7.2.2 Chemical and biological cleaning
Chemical cleaning and biological cleaning are utilized when physical cleaning is not effective
due to strong foulant-membrane interactions. Chemical agents such as NaOH, NaOCl and
EDTA in the range of 0.5-1 % have been reported in the literature [61]. Physical cleaning is
reported to be less effective for polyamide TFC membranes than CTA membranes due to
membranes higher affinity to foulants [101]. Limited researchers have explored the potential
of chemical cleaning in ODMPs [27, 116, 141, 145]. According to these researches, chemical
cleaning achieved high efficiency for organic and biofouling. It may not be able to recover flux
if foulant is inside membrane pores and its effectivity depends on chemical strength. Although
excessive chemical concentration may compromise the integrity of membrane [141] and
cleaning waste disposal is another environmental challenge [101, 146]. On the other hand,
biological cleaning uses strategies such as enzymatic cleaning, quorum quenching and energy
uncoupling which does not have those adverse impacts [138]. These bio-agents either inhibit
biological synthesis or disrupt biofilm stability to prevent biofouling [138, 147]. Nevertheless,
their potential is yet to be explored because not much work has been done in this sector for
OMPDs [61].
2.8 Nutrient Recovery
Nutrients such as phosphorus, nitrogen, potassium etc. are present in wastewaters. These
nutrients must be recovered either due to meeting effluent standards or due to resources being
depleted such as phosphorus reserves, which are predicted to get exhausted by 2090 [148, 149].
A variety of uses such as fertilizers and human consumption require nutrients [150]. Nutrient
concentrations are of great importance when wastewaters are used to maintain environmental
flows especially in rivers, which otherwise would require drinking water from the dams to be
released. The concentration of nitrogen and phosphorus specifically, is monitored to avoid
eutrophication and for environment protection. Similarly, when water is to be utilized and
recycled for reuse purposes nutrients loadings must be minimized. Consequently, treatment or
removal of these nutrients requires both high operating costs and energy requirements.
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2.8.1 Existing technologies for nutrient recovery
Several biological and physicochemical processes have been applied and developed for nutrient
recovery such as ammonia stripping, nitrification-denitrification, ion exchange and struvite
precipitation [9, 10]. Majority of these processes result in significant additional costs for
chemicals, energy and expensive equipment/apparatus. Simultaneously harvesting nutrients
(N, K and P) in a unit process is also a challenge [9]. Ueno and Fujii [151] developed a fluidized
bed reactor for centrate treatment by struvite precipitation. Although a small amount of
ammonia was converted to struvite, thus limiting the process. Mulder et al. [152] investigated
the nitrification and denitrification of ammonia to nitrogen gas by a microbial treatment
process. 90% nitrogen removal from centrate was achieved through this process but since it
was only designed for nitrogen, other nutrients such as phosphorus still require further
treatment processes for removal. Biological processes like activated sludge treatment are well
established in the wastewater treatment plants to effectively remove nutrients but ignore the
recovery of energy and nutrients [10]. High costs of electricity are associated with this process
due to aeration, and also excess sludge residuals have to be dealt with thus having a higher
ecological footprint. Membrane processes like RO and NF have also been widely employed for
separating or concentrating nutrients but they require high hydraulic pressure which induces
higher cost of electricity and severe fouling [148]. Ion exchange process requires high
concentration of nutrients in the feed for operating economically but nutrients in municipal
wastewater constitute less than 1 % by volume [9]. Such processes are feasible for only specific
types of wastewater feeds such as separated urine or animal wastewaters thereby restricting
their use in large municipal wastewater treatment plants [148].
2.8.2 Forward osmosis for nutrient recovery
FO has been investigated for concentrating nutrients to overcome the challenges stated above.
It has been quite promising in terms of low energy costs, low fouling propensity, greater fouling
reversibility, high rejection of nutrients (phosphorus) and for facilitating other recourses
recovery [10, 11, 148, 153, 154]. FO is utilized to concentrate nutrients for subsequent
recovery through conventional techniques which chemically precipitate minerals. Several
researchers have focused on phosphorus recovery from varied feed waters such as activated
sludge [41], digested sludge centrate [27, 153], urine [9] and secondary treated effluent [148].
The increasing interest in FO research particularly for concentrating nutrients is due to several
reasons. FO has very high rejection of phosphate so it effectively concentrates it and establishes
favorable conditions for its removal. Struvite precipitation kinetics are enhanced to favor
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precipitation when phosphorus is effectively concentrated, and further when MgCl2 is used as
draw solution. This was investigated by Xie et al. [155] in which magnesium ions diffused
from the draw side into the feed utilizing the reverse solute flux. FO membranes naturally cause
bidirectional diffusion of ions such as Ca and Mg and H, which increases the PH to favor
struvite precipitation [155]. This novel approach reduced the chemical demand of utilizing
magnesium salts or calcium salts.
FO can be utilized in several configurations for concentrating nutrients and subsequent
recovery. The most promising one is the anaerobic bioreactor effluent by sludge centrate
dewatering using FO to pre concentrate the nutrients. FO can also be utilized directly by
integrating it with the aerobic membrane bioreactor for concentrating nutrients in the mixed
liquor. However, anaerobic effluents are known to be richer in nutrients as they are biologically
released and made more chemically available state for precipitation. In aerobic treatment
nutrients are consumed by the biomass i.e. activated sludge which leaves a lower theoretical
amount left for recovery. Qui et al. [156] investigated the potential of combining MF and FO
within the bioreactor. FO was used to concentrate the nutrients due to high rejections to make
the solution rich in nutrients and simultaneously MF was used to further extract this nutrient
rich solution for nutrient recovery through precipitation. Xie et al. [155] demonstrated
subsequent recovery of nutrients from the digested sludge centrate in a hybrid FO-MD unit
which not only recovered nutrients in the form of precipitate but also pure water was obtained
through MD. Increasing number of investigations indicate a promising future posed by FO for
nutrient recovery, however several key challenges such as membrane fouling and scaling,
market development for bio fertilizers, and purity of precipitate need to be addressed before
large scale applications.
2.8.3 Nutrient rejection
Concentrating nutrients in waste-streams for subsequent removal has been quite promising and
FO is seen as an emerging technology to effectively reject nutrients for concentrating even in
complex feed waters. Vu et al. [12] conducted series of experiments to effectively concentrate
nutrients using synthetic seawater as draw solution, with digested sludge centrate as FS. It was
highlighted that nutrients concentrations increased only marginally in the aqueous FS although
FO membrane rejected 99 % phosphate and 98 % ammonia. This was due to formation of
precipitate (calcium phosphate) on the membrane surface and volatilization of ammonia
because FS pH increased to 9. Although when buffered seawater was used as the draw solution
to maintain pH, retention of both nutrients in aqueous phase were close the theoretical values
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calculated through mass balance. Holloway et al. [27] achieved greater than 99 % and 80 %
rejection for orthophosphate and ammonia, respectively, using NaCl draw solution and
anaerobic digested centrate as feed. The experiments were conducted in a pH range of 7-8 so
the rejection was dependent upon the charge of ion and its hydrated radium. Phosphate having
a negative charge and a larger radius (0.49 nm) was effectively rejected whereas ammonia’s
lower rejection was affiliated to its positive charge and smaller radius (0.11 nm). His results
were consistent with Oron et al. [157] and Voorthuizen et al. [158]. These researches
demonstrate the promising capability for FO in nutrient rejection.
2.8.3.1 Phosphorus rejection
Several researchers have focused on recovering phosphorus in the form of crystal phosphate
salts and have achieved very good results in terms of concentrating and precipitation of
phosphate. Ansari et al. [5] demonstrated the high recovery of phosphate form digested sludge
centrate using seawater as draw solution. 92 % of the phosphate in the centrate was recovered
via precipitation with no chemical addition. Rise in pH from 7 to 8 had little effect on phosphate
rejection by the FO membrane. It was also implied that membrane fouling had little
contribution in the flux decline which was entirely attributed to draw solute dilution as the
water recovery increased. Fouling was entirely reversible by flushing. Nevertheless, phosphate
precipitation is usually seen as an operational difficulty as scaling causes hindrance in smooth
operation and also adds significant cost of cleaning. Qiu et al. [156] achieved 90 % efficiency
of phosphorus removal and also overcame the scaling and precipitation issue within the
bioreactor by simultaneously rejecting the nutrients by FO membrane and extracting them via
MF for subsequent precipitation. Xie et al. [155] used MgCl2 as draw solute to favor struvite
precipitation in a hybrid FO-MD setup. Greater than 97 % orthophosphate rejection was
exhibited by the FO membrane. However, this was again at an additional cost of salt addition
and may not be good for overall economics.
2.8.3.2 Nitrogen rejection
Nitrogen in wastewaters usually exists in the form of ammonia (NH3) and ammonium (NH4+)
and their rejection in wastewater treatment is crucial for environmentally stable effluent
discharge and also for reuse purposes. Ammoniacal nitrogen (ammonia and ammonium) is
transported through the membrane by diffusion induced by a concentration gradient [159, 160],
convection driven by permeation drag and due to electric field in membrane [161]. To achieve
electroneutrality, ammonium forward solute flux (feed to draw) may occur with sodium or
potassium reverse solute flux. Ammonium might also be co transported with Cl – ions from
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feed however due to higher concentration of chloride ion in the draw solution, however, this is
less likely to happen [162]. Un-charged ammonia having a smaller radius (0.18nm) [162, 163]
is likely to diffuse through the membrane due to higher concentration gradient [159, 160]. This
transport mechanism is further enhanced with increasing pH due to transition of ammonium to
ammonia at pH 9.25 [164]. Ammonium transport depend on both the pH and draw solute NaCl
concentration. Higher NaCl concentration corresponds to higher reverse solute flux thus
enabling higher ammonium forward flux facilitated due to comparable hydrodynamic radius
and similar charge. However at higher pH, increasing NaCl draw solute concentration has no
effect on the charged ammonium transport as it converts to ammonia at higher pH [162]. Thus
Kedwell et al. [162] concluded that in FO membranes the transport of ammoniacal nitrogen
can be minimized by having a lower pH (< 9) and by selecting a draw solute with lower reverse
salt flux or no charged ions.
2.9 Conclusion
FO process is a promising technology with several potential applications in the wastewater
treatment. FO membranes demonstrate high fouling reversibility and high selectivity to a wide
range of contaminants. Absence of high hydraulic pressure enables higher fouling reversibility
by physical cleaning (such as high crossflow velocity flushing and osmotic backwash) unlike
PDMPs (i.e. RO and NF). This deems FO process favorable in dealing with complex
wastewaters such as digester sludge centrate for combined nutrient and water recovery. Preconcentration opportunities for subsequent recovery of essential resources such as phosphate
and ammonia nitrogen are effectively demonstrated by the FO membranes. These resources
can then be used to make agricultural fertilizers and ultimately save cost of production and help
in conservation of valuable resources (phosphorus). Simultaneous recycling of water can also
be done by integration with draw solute recovery processes and water can be reused for various
purposes to achieve sustainable development goals.
Although FO has great potential to make an impact in the wastewater reclamation process,
several key challenges are yet to be overcome before full scale implementation of the FO
process. These include low retention of ammonia nitrogen which contaminates the draw
solution, salinity accumulation in the feed, buildup of fouling and scaling on the membrane
surface, and ICP in the support layer. Literature review highlights various innovative
approaches to overcome these challenges. Pilot-scale demonstrations are still needed to assess
integration of FO with existing wastewater treatment technologies and further research into
development of more resilient membranes must be done. Furthermore, a thorough techno32

economic evaluation of FO process compared to conventional treatment technologies is yet to
be done. For successful integration with existing technologies (such as anaerobic treatment),
optimal operating conditions and ammonia nitrogen transport through the FO membranes must
also be examined and evaluated.
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CHAPTER 3: MATERIALS AND METHODS
3.1 FO membrane and characteristics
A thin film composite (TFC) polyamide membrane, commercially available and supplied by
Porifera. Inc was used in this study. This asymmetric membrane has an ultra-thin polyamide
layer coated on top of a porous resilient polysulfone support layer. Contact angle was measured
using goniometer to calculate hydrophobicity of the membrane and streaming potential was
measured to calculate the zeta potential of the membrane [28]. The table (Table 2) below lists
the key characteristics of the membrane.
Table 2: TFC membrane parameters with 1 M NaCl as draw solution and Milli Q water as
feed solution.
Parameter

Value

Water permeability A

3.2

(L/m2.h.bar)
Salt permeability B (L/m2.h)

0.41

Structural Parameter S (mm)

0.46

Reverse salt flux (g/m2h)

13

Contact angle (º)

55

Surface roughness (nm)

57.4

Zeta potential at pH = 7 (mV)

-16

3.2 Draw and Feed solutions
1 M draw solution (2 L) was prepared using analytical grade NaCl by dissolving the equivalent
weight in Milli-Q water. Background solution (1 mM NaHCO3 + 2 mM CaCl2.2H2O + 1 mM
MgS7O4.H2O + 20 mM NaCl) was prepared by dissolving salts, weighed using analytical grade
balance, in Milli-Q water before every experiment. The nutrient feed was prepared by
dissolving ammonium chloride (NH4Cl) and sodium di hydrogen phosphate (NaH2PO4) to
achieve 400 mg/L ammonia nitrogen and 200 mg/L phosphate in the 2 L background solution.
Foulant feed was prepared using alginic acid available as sodium alginate, humic acid and their
combination (both 100 mg/L each) from Sigma-Aldrich to give final a concentration of 200
mg/L in the 2 L background solution. A ten-fold stock solution of alginate and humic acid was
prepared by dissolving them in Milli-Q water, prior to the experiments and stored in sterilized
amber glass bottle at 4 o C, not longer than 28 days, for use in all experiments. Magnetic stirrer
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was used for mixing all the solutions prepared during the experiments. Sludge centrate obtained
from full-scale wastewater treatment plant in Wollongong was also used in fouling experiments
as the feed solution instead of model foulants.
Key parameters of the draw and feed solutions are given in the following table (
Table 3).
Table 3: Key parameters of draw and feed solutions used in the study.
Parameters

Electrical
conductivity
pH
Total
organic
carbon
Total
nitrogen
NH4 +-N
PO4 3 --P

Units

Draw
Foulant Foulant Foulant Nutrient Sludge
solution
feed
feed
feed
feed
centrate
(1 M)
(SA)
(HA)
(SA+HA)
mS/cm 85±0.3 2.85±0.3 2.87±0.3 2.80±0.2 5.65±0.2
5.7
-

6.7±0.3

7.6±0.2

6.9±0.2

7.3±0.2

6.7±0.2

7.8

mg/L

-

110

112

120

-

565

mg/L

-

-

-

-

325

707

mg/L
mg/L

-

-

-

-

324
194

692
253

3.3 Forward osmosis system
A cross-flow membrane cell having an effective membrane area of 50 cm2 (10 cm × 5 cm),
consisting of two identical semi-cells was used for this lab-scale study. Two symmetrical flow
channels of 2 mm depth were created by the flat sheet membrane which was placed between
two rubber gaskets sandwiched inside the two semi-cells made of Perspex and tightened to
prevent any leakage. The larger membrane cell had an effective area of 125 cm2 (16 cm × 8
cm) with channel depth of 1.25 mm. Diamond shaped spacers were placed at either side of the
membrane cell to reduce external concentration polarization. Two adjustable-speed gear pumps
(Micropump, Vancouver, Washington, USA) were used for draw and feed circulation,
regulated by flowmeter to give 1 L/min flowrate.
The draw solution beaker was placed on a digital measuring balance (Mettler-Toledo Inc.,
Hightstown, New Jersey, USA) connected to a computer to measure the weight changes.
Conductivity of the draw solution was continuously measured using a conductivity probe
(Cole-Parmer, Vernon Hills, Illinois, USA), connected to a conductivity controller (specified
range ±0.1 mS/cm) and peristaltic pump to maintain conductivity at 1 M NaCl by dosing a 5
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M NaCl solution, hence controlling the osmotic pressure of the draw solution for all
experiments conducted. The concentrated NaCl solution was placed in a 500 ml beaker on the
same balance as the draw solute beaker to eliminate any weight changes due to replenishment
of draw solute. The schematic of the FO setup is given in Figure 6.

Figure 6: Schematic of FO setup, DS concentration was maintained at 1 M NaCl using a 5 M
NaCl dosing setup.
3.4 Experimental protocols
All the experiments were conducted using a cross-flow membrane cell with pumps circulating
both feed and draw solution with a flowrate of 1 L/min following a previously published
protocol [28]. This flowrate corresponded to a crossflow velocity of 16.7 cm/s. This was kept
same for all experiments in order to compare different experiments based on similar initial flux.
The pH, temperature and conductivity of the feed was measured at regular time intervals and
20 mL sample was collected in sterilized glass bottles at the beginning and end of all retention
experiments. Initial samples were collected 5 minutes after start of experiment and final sample
5 minutes before the end of experiment to ensure homogeneity.
At the start and end of all experiments a clear water test was conducted with 2 L Milli-Q as
feed and 1 M NaCl as the draw solution to verify membrane integrity. The experiments ran in
a series, after the clear water test the Milli-Q feed was replaced with 2 L background solution
(1 mM NaHCO3 + 2 mM CaCl2.2H2O + 1 mM MgS7O4.H2O + 20 mM NaCl) and the flux was
allowed to stabilize for at least 1 hour. After 1 hour, 100 mL of alginate/humic acid stock
solution was added to the feed tank and the membrane was allowed to foul for 20 hours. Next,
foulant feed was replaced with a 2 L nutrient feed immediately after the fouling experiment
and experiment was continued until 1 L of water permeated to the draw side. A fresh pre-wetted
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membrane was then used instead of the fouled membrane with a 2 L nutrient feed but the draw
solution concentration was adjusted to give the same flux as at the end of the fouling
experiment. Retention was calculated using the initial and final concentrations of ammonia
nitrogen and orthophosphate in FS measured by standard procedure using Hach vials. An
alternative method of calculating retention is to measure the nutrient concentration in the final
diluted DS at the end of the experiment. However, the orthophosphate concentration in the final
DS was too low to be measured by the Hach orthophosphate test kits used in this study.
The feed and draw solutions were prepared using analytical grade solutes and the
concentrations of the inorganic salts (solute) were chosen to imitate that of sludge centrate in
the FS. 1 M concentration for draw solute was selected to achieve the approximate osmotic
pressure similar to RO brine. Real centrate was used in raw as well as filtered and centrifuged
form as feed (2 L) with 1 M NaCl as the draw solution (2 L). Centrate was filtered using 20
micron filter paper and subsequently put in centrifuge for 15 min at 3750 rpm (Allegra X-12R,
Beckman Coulter, Fullerton, CA) to remove any large solids which could block the membrane
cell channel or tubes. Membrane integrity test were done using 2 L Milli-Q water as feed and
2 L 1 M NaCl as the draw solution. Flux recoverability after 30 min flushing and osmotic
backwashing of the fouled membranes with sodium alginate or sludge centrate was checked
using 2 L Milli-Q water as feed and 2 L 1 M NaCl as the draw solution. 2 L milli-Q was used
for high crossflow velocity flushing, feed and draw were reversed during osmotic backwash
such that the active layer now faced the draw solution and support layer faced the feed.
3.5 Calculations
Retention (R) of the nutrients was calculated using the following formula which takes in to
account the concentration factor of the feed. This formula was independent of time and all other
factors to give a more overall retention value for any volume of permeate and corresponding
concentrations of nutrients.

𝑅 = [1 − (

𝐶𝑖 −

𝑉𝑓
×𝐶𝑓
𝑉𝑖

𝐶𝑖

)] × 100%

Equation 6

Here, 𝐶𝑖 and 𝐶𝑓 are the initial and final feed concentrations of nutrients, respectively. While 𝑉𝑓
and 𝑉𝑖 are the initial and final feed volume, respectively.
Another formula for rejection was derived using mass balance approach, this equation gives a
more realistic rejection compared to most equations used previously for rejection calculation
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giving either an over estimate or underestimate of the actual rejection because most formulas
are based just on initial and final concentration rather than the overall mass transfer. Just relying
on concentrations is not feasible for FO in a batch experiment as the volume of both feed and
draw are constantly changing. Herein this formula is proposed to eliminate and overcome these
challenges.
𝑉

×𝐶

𝑅 = [1 − ( 𝑉𝑓.𝑑𝑠 ×𝐶𝑓.𝑑𝑠 )] × 100%
𝑖.𝑓𝑠

Equation 7

𝑖.𝑓𝑠

The formula suggested by Xie et al. [28], 𝑅=1−(

𝐷.𝑓×𝐶𝑓.𝑑𝑠
𝐶𝑖.𝑓

) � × 100%

Equation 8 applies a dilution factor to the equation to validate it
by incorporating the changing the draw solution volume but the formula again gives an
underestimate of rejection if mass balance is applied to it for verification.
𝑅 = [1 − (

𝐷.𝑓×𝐶𝑓.𝑑𝑠
𝐶𝑖.𝑓

)] × 100%

Equation 8

Where 𝐷. 𝑓 corresponds to dilution factor and is given by,
𝐷. 𝑓 =

𝑉𝑓.𝑑𝑠

Equation 9

𝑉𝑝

Other basic formulas such as Equation 10 is used for rejection calculation maybe valid for large
scale plants such as RO but not for lab scale FO due to the same reason of changing volumes
[27, 158, 165].
𝐶

𝑅 = [1 − ( 𝐶𝑓.𝑑𝑠 )] × 100%

Equation 10

𝑖.𝑓

Another formula Equation 11 [5, 148, 166] commonly used for rejection calculation calculates
the nutrient flux and predicts the final rejection based on a single flux value whereas in reality
the nutrient flux is changing and is time dependent and as the concentration of nutrient
increases in the draw solution, the nutrient flux reduces.
𝑅 = [1 − (𝐽

𝐽𝑛

𝑤 ×𝐶𝑓.𝑎𝑣𝑔

)] × 100%

Equation 11

3.6 Analysis techniques
Basic water quality parameters were measured using standard equipment and procedures.
Electrical conductivity, temperature and pH were measured using an Orion 4 Star
conductivity/pH meter (Thermo Scientific, Waltham, MA). Ammonia nitrogen was analyzed
using US-EPA Standard Method 10205 and Hach DR3900 spectrophotometer. Orthophosphate
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(PO43-) was determined using US-EPA Ascorbic Acid Method 10209 and Hach DR3900
spectrophotometer. Electron dispersive spectroscopy (EDS) (EDAX Genesis, JEOL, JAPAN)
was used to find out elemental composition of foulants by gold coating the membrane samples.
Total organic carbon was analyzed using TOC analyzer by SHIMADZU.
Contact angle measurement was performed to evaluate membrane hydrophobicity using a
Rame-Hart Goniometer (Model 250, Rame-Hart, Netcong, NJ). Contact angle was analyzed
using standard sessile drop method. Six droplets of Milli-Q water were dropped onto the
membrane surface of each sample and the mean was calculated after contact angles of both
sides was measured. Samples were air dried in desiccator prior to the analysis.
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CHAPTER 4: RESULTS AND DISCUSSION
In this chapter, the effect of fouling on nutrient retention by FO membrane is presented. First,
the impact of fouling on water flux was analyzed using four feed solutions containing different
model foulant types i.e. sodium alginate and humic acid separately or in mixture at two
different concentrations. The test solutions were prepared by adding the model foulants into a
‘background solution’ i.e. 1 mM NaHCO3, 2 mM CaCl2.2H2O, 1 mM MgSO4.7H2O and 20
mM NaCl in Milli Q water. As a control, test with the ‘background solution’ was performed
to elucidate the effect of reverse salt diffusion. Second, fouling was characterized using
membrane surface analysis (via SEM and EDS) to evaluate the effect of foulant type on the
cake layer formed on the membrane surface. Third, to investigate and isolate the effect of
fouling on nutrient retention by the FO membrane, a series of tests were conducted using two
different approaches. Nutrient retention by the FO membrane was first measured at different
time intervals for two feeds, one with foulants (i.e. sodium alginate and humic acid) and the
other without the foulants, keeping the draw solute concentration at 1 M for both experiments.
In the second series of experiments, the membrane was first fouled using the model fouling
solution for 20 hours and then the feed was replaced by a solution containing the nutrients in
background solution. The experiments continued for 50% water recovery and nutrient retention
was measured at the end. Following these experiments, a virgin membrane was used to test
nutrient retention at the same flux as at the end of the fouling experiment and at the same water
recovery. This was done to isolate the effect of fouling cake layer on nutrient transport from
the impact of flux. The same 2 L background solution was used for all experiments. Fourth,
the impact of pretreatment (i.e. filtration and centrifuge) on FO fouling by sludge centrate was
investigated. Finally, FO membrane cleaning strategies (i.e. flushing or osmotic backwash)
during filtration of sludge centrate vs model fouling solutions were tested.
4.1 Impact of fouling on water flux
Different organic foulants caused a notably different flux decline profile as shown in Figure 7.
The experiments were conducted with an initial flux of 26 LMH. Over the operation period of
20 hours, for all cases, a water recovery of around 80% was achieved. During this period the
initial flux reduced by almost 50% for all test solutions. Flux declined rapidly when sodium
alginate was used as foulant both alone and in combination with humic acid. With humic acid
alone, the flux decline was gradual. According to the available literature, fouling initiates due
to adsorption of sodium alginate onto the membrane surface followed by development of crosslinked alginate gel layer due to intermolecular bridging caused by presence of Ca2+ ions [28,
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82]. On the other hand, it is likely that in absence of sodium alginate, there was a steady buildup
of humic acid on the membrane surface, steadily making a cohesive and compact fouling layer
[119, 167]. Although sodium alginate and humic acid have carboxylic acid moiety, in the
presence of calcium ions the adhesive force of alginate is much higher. Also, humic acid does
not exhibit unique gel forming mechanism like sodium alginate [90]. In all cases the flux
decline can be attributed to cake enhanced concentration polarization, pore constriction, pore
blocking or hydrophobization of membrane surface after adsorption and buildup of organic
foulants on the surface. Similar results were obtained in previous literature [28, 82, 167, 168].
A baseline experiment was also conducted with no foulant added to the background solution
to differentiate the flux decline due to fouling vs. concentration of feed. In absence of organic
foulants (i.e. humic acid and sodium alginate), there was minimal drop in flux (15%). Thus it
can be concluded that the majority of the flux decline was due to fouling alone and less due to
RSF and concentration of feed.
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Figure 7: Normalized average water flux vs water recovery in case of model foulants (Sodium
alginate, humic acid and their combination). The initial flux was 26 LMH and operation time
was 20 hours. Draw solution for all experiments was 1 M NaCl.
4.2 Membrane surface analysis
SEM and EDS were performed to study the effect of foulant types on membrane surface fouling
and to scaling. The active layer of the virgin membrane (Figure 8 a) comprises of mainly
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organic carbon. Results show that when the synthetic feed composed of organic foulants
(sodium alginate and/or humic acid) was used, a dense layer of foulant completely covered the
membrane surface. This was expected because the TFC membrane has carboxylic functional
groups on its surface which are highly polar and have considerably high affinity to organic
foulants in the feed solution [127]. It should be noted that the carboxylic groups of sodium
alginate in the foulant feed solution would have been deprotonated at the feed’s ambient pH of
6.8. However, as a result of complexation of alginate with divalent cations such as Ca2+, intermolecular
bridging and charge minimisation occurs. This causes agglomeration of alginate molecules which forms
a gel layer upon deposition on the membrane surface [127]. Deposition of Ca, Na, Mg and Cl was

observed on the surface of the fouled membranes. Traces of Au and Rb were also observed due
to gold coating and Fe, Al, Cu and Ti maybe present due to impurities in the salts used. Much
higher weight percent of Ca was detected on all fouled membranes analyzed, which indicates
the role of calcium to facilitate formation of intermolecular bridges between organic foulants,
thus causing the formation of a cake layer and exacerbating fouling. This resulted in accelerated
cake enhanced concentration polarization, which hinders the back diffusion of dissolved salt
ions to the bulk solution and was responsible for further flux decline in the experiments. These
results were consistent with that in the previous studies [28, 76].
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Figure 8: SEM and EDS results of (a) virgin membrane and three membranesfouled with– (b)
Sodium alginate, (c) humic acid and (d) their combination. Sodium alginate and humic acid
were each added at a concentration of 200 mg/L.
4.3 Effect of fouling on ammonia nitrogen retention
In this section, the effect of fouling on nutrient retention was evaluated by two different
approaches. Firstly, retention was measured at the same ionic concentration of the draw
solution for two feeds. Feed for the fouling experiment comprised of foulants and nutrients
dissolved in the background solution while in the control experiment there was no foulant in
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the feed (i.e. only nutrients dissolved in the background solution). Further experiments were
conducted to isolate the effect of fouling cake layer and examine the layer selectivity with
respect to rejection of nutrients (i.e. ammonia nitrogen and orthophosphate). In these
experiments, the membrane was first fouled with sodium alginate, humic acid or their
combination and then the feed was replaced by a feed containing the nutrients in absence of
any foulant. The nutrient retention was then measured at a water recovery of 50% for the fouled
membranes (at 1 M draw solute concentration) and clean membranes (draw solute
concentration giving same flux as the fouled membrane). The results are discussed in the
following sections.
4.3.1 Retention at same ionic concentration of draw solution
Figure 9 shows ammonia nitrogen retention as a function of water recovery with and without
the presence of foulant in the feed solution. Initial flux for both the experiments was 25 LMH,
but at the end of experiment (i.e. at 70% water recovery) the fouled membrane had a flux of 11
LMH whereas the membrane fed with a solution not containing any organic foulant (sodium
alginate or humic acid) showed a flux of 22.5 LMH. The observed decline in flux indicates that
the membrane had fouled significantly. The presence of organic foulants caused the membrane
to foul markedly, forming a cake layer on the membrane active layer facing the feed solution.
The flux decline can be attributed to cake enhanced concentration polarization effect due to
which the net osmotic driving force is reduced. This is also called cake enhanced osmotic
pressure due to diminished osmotic pressure difference between the AL-FS interface and the
draw solution. Several researchers have discussed this effect causing significant flux decline
[9, 76, 169, 170].
Overall, in these batch experiments, the retention of ammonia nitrogen decreased with
increasing water recovery. In fact, ammonia nitrogen retention was inversely proportional to
water recovery at the same pH (6.9). It is reasonable to say that ammonia nitrogen transport
occurs because of a concentration gradient that exists between the AL-FS interface and the
draw solution [159, 160]. This means that at a higher concentration gradient more ammonia
nitrogen will diffuse through the membrane. Considering the fact that these were batch
experiments with continuous concentration of feed, the increasing ammonia concentration in
feed might have resulted in this declining trend. The feed side ammonia concentration increases
while at the draw solution side the permeating water swiftly carries away diffused ammonia
nitrogen, thus no significant impact of ICP is seen on forward ammonia flux [9]. To achieve
chemical equilibrium, higher amount of ammonium/ammonia needs to diffuse to the draw side
45

with increasing feed concentration. Engelhardt et al. [171] observed a similar declining trend
of urea rejection with increasing water recovery. It was hypothesized that rejection is
influenced by increasing nutrient concentration in the feed and dilution of the draw side by the
permeating water. Thus, it can be stated that the extent of water recovery significantly
influences retention of ammonia nitrogen. It is therefore crucial to report ammonia nitrogen
retention along with water recovery, because a high rejection reported might correspond to a
very low overall water recovery [171].
The difference in ammonia nitrogen retention between the clean and fouled membrane at the
same ionic strength of the draw solution (1 M NaCl) grows as fouling initiated. It can be seen
from Figure 9 that the difference in retention widens with increasing water recovery. At 15%
water recovery, when fouling began, the difference in the retention was only 3% while at the
end when water recovery was 70%, the difference increased to 15%. This indicates that fouling
caused a reduction in flux as well as ammonia nitrogen retention. Available studies also report
that ammonia nitrogen transport is highly influenced by the water flux. For example, Zhang et
al. [9] reported that ammonia rejection is greater at higher flux. They simulated the overall
ammonia rejection using the equation; 𝑅 = 𝐽

𝐽𝑤

𝑤 +𝐵𝑛

where R is the rejection, Jw is the water flux

and Bn is the nutrient permeability. Kumar et al. [169] also observed a similar trend of declining
solute flux i.e. higher rejection with increased water flux.
This declining solute flux with commensurate increase in transmembrane pressure (hence
enhanced water flux) can be explained by the solution diffusion model which is said to govern
the transport of solutes across polyamide membranes. According to the solution diffusion
model, increasing Jw diminishes the overall solute transport, hence increasing the solute
rejection. The solvent flux and solute flux are uncoupled and increasing solvent flux does not
increase the solute flux rather diminishes the forward solute flux [170]. Hence the reduction in
flux of the fouled membrane may have caused this difference in ammonia nitrogen retention.
Further tests were performed keeping the flux same by first fouling the membrane using 200
mg/L sodium alginate in 2 L background solution as feed for 20 hours and then replacing the
foulant feed with just nutrients in 2 L background solution. The experiments were conducted
at 50 % water recovery, after which ammonia nitrogen retention was measured. A piece of
virgin membrane was then used with a draw solute ionic concentration to match the flux of the
fouled membrane with nutrients in 2 L background solution as feed. This was done to isolate
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the effect of fouling layer on rejection of nutrients, and the results are discussed in the
proceeding sections.
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Figure 9: Ammonia nitrogen retention vs water recovery for two experiments. Feed for one
was with foulant (sodium alginate and humic acid) and one without foulant. Background
solution (1 mM NaHCO3, 2 mM CaCl2.2H2O, 1 mM MgSO4.7H2O, 20 mM NaCl) and 400 mg/L
ammonia nitrogen was same for both feeds. The draw solution for both experiments was 1 M
NaCl (conductivity maintained) and both FS and draw solution were at 2 L initial volume.
4.3.2 Retention at same flux
Figure 10 shows the ammonia nitrogen retention of a clean and fouled membrane at the same
flux but different RSF due to difference in the draw solution ionic concentration. 1 M NaCl
draw solution achieved a flux of 15 LMH at the end of fouling experiment (20 hours) using
200 mg/L sodium alginate in 2 L background solution. This fouled membrane was then used
to check the ammonia retention by replacing the foulant feed with nutrient solution. A clean
membrane with lower draw solution (NaCl) concentration to imitate the same flux was then
used to find the retention of ammonia nitrogen by the clean membrane. It can be seen from
Figure 10 that at the same flux, fouling with sodium alginate did not play a significant role in
ammonia nitrogen retention and there was a negligible effect on overall ammonia retention
caused by organic fouling by sodium alginate.
This indicates that although the fouling layer contributes to significant water flux decline due
to decreased osmotic pressure at the membrane surface, under these conditions, the fouling
layer itself has poor selectivity and does not affect ammonia nitrogen permeability [45]. It was
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hypothesized that fouling would affect ammonia nitrogen retention as in previous literature
fouling layer affected retention of trace organics [28]. However, this did not happen with
ammonia, possibly because its molecular weight is much smaller than that of most trace
organics. So ammonia penetrates unhindered through the fouling layer. Sodium alginate and
humic acid consist of biopolymers and large humic substances so the fouling is not compact
enough to stop penetration of low molecular weight compounds [121]. Zheng et al. [172] also
evaluated that higher molecular weight and charge plays an important role in rejection of
solutes. Overall, concentration polarization plays a significant role in flux decline, but it does
not affect the transport of ammonia nitrogen. This substantiates that ammonia flux is more
dependent on water flux. At the same water flux, irrespective of the fouling state of the
membrane, a similar ammonia nitrogen retention is achieved at the same water recovery.
Ammonia nitrogen is said to be transported through the membrane by diffusion induced by a
concentration gradient [159, 160], convection driven by permeation drag and due to electric
field in membrane [161]. A polyamide TFC membrane having a negative surface charge plays
significant role in nutrient transport. Ammonium (NH4+) having a positive charge is attracted
by the polyamide membrane and diffuses to the draw solution with permeating water facilitated
by counter diffusion of Na+ ions. The latter is a phenomenon specific to FO and is called reverse
solute diffusion (RSF). At lower pH most of ammonia nitrogen exists as ammonium and
transition to ammonia occurs at pH 9.25. So it can be assumed that in the experiments most of
ammonia nitrogen existed as ammonium as the pH remained below 7 throughout the
experiments [162]. Ammonium has a hydrodynamic radius comparable to that of sodium and
potassium ion. This promotes exchange and counter transport of ammonium due to RSF [162].
From the results in Figure 10, it can be also be seen that RSF for clean and fouled membrane
was different. Fouled membrane had an RSF of 13 GMH (g/m2h) whereas the clean membrane
RSF was 5 GMH. This variation was due to the difference in the draw solution ionic strengths.
It is interesting to note that although there was this difference in RSF, the ammonia nitrogen
retention was not affected by it. This means that although RSF plays a role in facilitating
ammonia transport, its variance does not affect overall ammonia nitrogen transport. Kedwell
et al. [162] studied the effect of pH alongside RSF on ammonia retention and concluded that
increasing pH and RSF increases forward ammonia flux. But the effect of RSF alone was
unclear because it was coupled with pH which is already known to have a significant impact
on retention. Nevertheless, more research is recommended to understand and isolate the effect
of RSF on ammonia retention.
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Figure 10: Ammonia nitrogen retentions of clean and fouled membrane at 50 % water recovery
and 15 LMH initial flux. Membrane was fouled using 200 mg/L sodium alginate in background
solution as feed. (Error bars indicate average ±standard deviation of n=2)
4.3.3 Effect of type of foulant
Further tests were done to confirm the effect of organic fouling type on ammonia nitrogen
retention at same water flux. Humic acid alone or in mixture with alginate was used to assess
the effect of fouling layer type. The results depicted in Figure 11 indicate that fouling, with
alginate alone or in combination with humic acid, does not hinder the transport of ammonia
nitrogen through the TFC membrane. It is also interesting to observe the difference in ammonia
nitrogen retention in the first two graphs (sodium alginate and sodium alginate + humic acid).
This variation is due to the different initial fluxes (15 LMH and 11 LMH, respectively) while
the water recovery is same for both i.e. 50%. This suggests that initial flux plays an important
role in overall retention of ammonia nitrogen and indicates that the solute diffusion across the
membrane is driven by concentration gradient which exists between the FS and draw solution,
in accordance with the solution diffusion theory. In AL-FS orientation, a higher initial water
flux dilutes the ammonia nitrogen concentration at the interface of the active layer and support
layer, thereby ensuing lower rate of solute transport towards the draw solution and higher
retention. The important effect of flux observed in this study is consistent with available
literature [9].
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Figure 11: Ammonia nitrogen retentions of two different foulants (sodium alginate and humic
acid) and their combination as FS with a fixed 1 M NaCl DS by continuous dosing . Foulant
concentration in all experiments was 200 mg/L. Water recovery was 50 % in all experiments.
(Error bars indicate average ±standard deviation of n=3)
4.4 Effect of fouling on orthophosphate retention
Orthophosphate was successfully retained by the TFC membrane with negligible difference
between the clean and fouled membrane (Figure 12). Retention in all experiments were greater
than 95% at a 50% water recovery which indicates an excellent performance of the TFC
membrane in retaining orthophosphate. In general, solute rejection by semipermeable
membranes is primarily governed by steric hindrance as well as electrostatic repulsion between
the solute molecules and membrane [148]. Hence, the higher retention of phosphate compared
to ammonia nitrogen was expected due to its higher molecular weight and negative charge
causing repulsion by the membrane active layer. As stated by Kiriukhin and Collins [173],
compared to ammonium, phosphate has a larger hydrated radius and a smaller diffusion
coefficient (0.44 × 10−9 m2/s vs 1.96 × 10−9 m2/s), limiting its transport across the membrane.
Since TFC membranes are negatively charged, this favors rejection of negatively charged
compounds but attracts positively charged molecules and hence lowers their rejection
performance as a direct consequence of electrostatic repulsion [29]. This also explains the
elevated performance of the TFC membrane in retaining phosphate. Similar high rejections of
phosphate were reported by several researchers in concentrating wastewater such as digester
centrate [27], urine [9], municipal water [148] and anaerobically treated dairy manure [6].
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Figure 12: Phosphate retentions of two different foulants (sodium alginate and humic acid)
and their combination. Foulant concentration in all experiments was 200 mg/L. Water recovery
was 50 % in all experiments. (Error bars indicate average ±standard deviation of n=2)
4.5 Effect of membrane area and filtration duration on nutrient retention
Effect of membrane area on the retention of nutrients was investigated in this study using
membranes of two different areas (45 cm2 and 128 cm2) and two different average permeate
fluxes. First, both membranes were run at an average flux of 25 LMH with 1 M NaCl as the
draw solution. Then, the experiments were repeated at a lower flux (14 LMH) at which the
draw solution concentration was 0.3 M NaCl. The feed solution in this series of experiments
was nutrients dissolved in the background solution. Results shown in Figure 13 indicate that at
higher flux the ammonia nitrogen retention for both membranes was higher than at lower flux.
Irrespective of the flux tested (25 and 14 LMH), ammonia nitrogen retention by the larger
membrane at the same water flux was higher. When the membrane surface area was 128 cm2,
ammonia nitrogen retention was 82% and 62% for a water flux of 25 LMH and 14 LMH,
respectively. Whereas for a membrane surface area of 45 cm2, ammonia nitrogen retention was
70% and 48% at a water flux of 25 and 14 LMH, respectively. All experiments were run at
50% water recovery and pH remained close to 7 throughout the experiments.
The observed better ammonia nitrogen retention for larger membrane surface area was
probably due to its influence on operation time. Greater membrane surface area means shorter
operation time to achieve a water recovery of 50%, allowing less time for ammonium ion to
establish chemical equilibrium. This observation indicates that ammonium transport is highly
time dependent and the longer ammonium stays in contact with the membrane the more it
diffuses to the draw side along with the permeating water. This also substantiates the
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dependence of ammonium transport on diffusion mechanism along with ion exchange
facilitating the transport and its strong dependence and correlation with time. Engelhardt et al.
[171] reported better urea rejection with decreasing operation time as a result of higher draw
solution ionic strength. Previously other researchers have studied the effect of pH [12] on
ammonium transport, but the effect of operation time has not been well studied. Based on our
results we propose that permeate volume per unit membrane area (Vp/Am) should be considered
for FO applications. At any certain initial feed volume and a fixed water recovery, a larger
surface area membrane unit will have a lower permeate volume per unit area and a better
retention of ammonium. Higher Vp/Am decreases the system’s overall ability to retain ammonia
nitrogen and more and more ammonia nitrogen diffuses to the draw side as it stays in contact
with the membrane longer.
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Figure 13: Ammonia nitrogen retention (%), flux (LMH) and time (h) for 45 cm2 and 128 cm2
TFC membranes. Experimental conditions: Feed was 2 L nutrients in background solution,
draw solution was 1 M NaCl and 0.3 M NaCl to achieve two different fluxes (25 and 15 LMH,
respectively). (Error bars indicate average ±standard deviation of n=3)
4.6 Impact of sludge centrate pre-treatment on fouling
Real sludge centrate was filtered using 20-micron filter paper and subsequently centrifuged for
15 min at 3750 rpm. The flux profile for the raw and filtered centrate is shown in Figure 14. It
can be seen that there was no significant difference in the fouling trend, meaning that pretreatment via filtration and centrifugation to remove suspended solids is ineffective to reduce
FO fouling during filtration of sludge centrate. In both cases, the flux declined rapidly at the
start which indicates significant deposition of particles forming a cake layer on the membrane
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surface. According to the literature, polyamide membranes have adhesive sites on their surface
which cause foulants to adhere onto their surface. This results in formation of cake layer and
severe fouling in the initial stage [101, 174]. The surface of the polyamide membranes is rough
and this heterogeneity also contributes to its increased fouling [101, 107, 175, 176]. The
formation of cake layer resulted in severe cake enhanced concentration polarization causing
drastic decrease in osmotic pressure at the membrane AL-FS interface. Indeed fouling plays
vital role in flux decline caused due to hydraulic resistance from the cake layer as well as cake
enhanced concentration polarization [118]. Membrane fouling during filtration of sludge
centrate is ascribed to its high mineral (Ca & Mg) and solids content [120]. Cake enhanced
concentration polarization phenomena is also aggravated due to concentration of the feed [10]
as the major constituents in centrate are effectively retained (phosphate 99%, ammonia
nitrogen 80%, total dissolved organics 97%) by the membrane. However, it is also noteworthy
that flux decline under these conditions was caused by mainly fouling. The water recovery was
only 21% which caused only a slight increase in feed osmotic pressure as the conductivity
increased from 5.7 mS/cm to 7.3 mS/cm.
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Figure 14: Flux decline profile of centrate in raw as well as filtered and centrifuged form as
feed (2 L) with 1 M NaCl as the draw solution (2 L) and water recovery was 22 % and 20 %,
respectively.
4.7 Impact of membrane cleaning on water flux recovery
Flux recoverability after fouling of the TFC membranes following 18 hours of operation with
sodium alginate or sludge centrate as feed solution was systematically investigated. When
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sludge centrate was used as feed, the membrane fouled rapidly compared to the synthetic feed.
Flux declined rapidly from 23 LMH to 2 LMH in just 7 hours after the start of the experiment
as seen in Figure 15. After the fouling experiments were completed, membrane flushing was
done as a physical cleaning technique to check flux recovery. Feed was replaced with 2 L MilliQ water and circulated at 2 L/min flowrate corresponding to a cross flow velocity of 30 m/s for
30 minutes. Only 15 % flux was recovered for centrate-fouled membrane due to the severity
of fouling. The flux recovery by membrane flushing was 65 % for alginate-fouled membrane.
Better recovery of flux in case of the alginate-fouled membrane can be attributed to a
comparatively loose fouling layer structure. As suggested in the literature, the deposition of
inorganic precipitates on the surface of a membrane combined with organic fouling causes a
highly compact and cohesive fouling layer when sludge centrate is used as feed [5].
Precipitation can occur on the membrane surface if the conditions favor precipitation. Centrate
has high phosphorus and ammonia concentrations along with significant amount of magnesium
to favor formation of inorganic precipitates. Similar fouling trends were observed by Vu et al.
[12] while using sludge centrate as feed.
The main mechanism in this type of high cross flow velocity flushing is the physical removal
of foulant due to high shear force. But this force is not enough to effectively recover flux due
to the heterogeneity and roughness of polyamide membrane [101, 107, 175, 176]. Thus, this
typical anti-fouling strategy was ineffective in recovering flux. Therefore, osmotic
backwashing was evaluated next. Osmotic backwash (Figure 15 b) was done by reversing the
draw solution and FS such that the membrane active layer faced the draw solution rather than
FS. Milli-Q was used as feed solution and 1 M NaCl as a draw solution for a duration of 30
minutes for osmotic backwashing. 85 % and 92 % flux was recovered in 30 minutes of
backwash for centrate- and alginate- fouled membrane, respectively. The reverse permeation
of water weakened the attachment of cake gel to membrane surface and the high crossflow,
generating tangential shear force, swept away the foulant. Our observation is in line with that
in previous studies regarding the effectiveness of osmotic backwash in recovering flux of FO
membrane following fouling [87, 143, 144, 177].
Although there was significant recovery of flux but there were still remnants of fouling layer
adhered to the membrane surface as observed visually. These foulants were lodged under the
spacer filaments and could not be removed, probably due to being trapped in hydrodynamic
dead zones which occur near the spacer mesh elements [97, 98, 124, 178-181]. Preferential
particle accumulation occurs in these dead-flow regions and foulants are trapped due to lack of
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mobility, unaffected by the tangential drag force. Complete flux recovery might be achieved if
the spacer is not used or by increasing the duration of cleaning. Studies by Motsa et al. [144]
and Kim et al. [143] suggest that foulant type, membrane orientation and backwash conditions
like cleaning duration and initial flux play an important role in determining cleaning efficiency.

Figure 15: Flux decline profile and flux recoverability after (a) 30 min of flushing and (b)
osmotic backwash of TFC membrane fouled with sodium alginate or sludge centrate. Sodium
alginate at 200 mg/L in 2 L background solution and sludge centrate was used as FS for the
fouling experiments. The draw solution used in all experiments was 1 M NaCl at 2 L initial
volume with replenishment through continuous conductivity monitoring. 2 L Milli-Q was used
as feed cleaning experiments.
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4.8 Impact of osmotic backwash on RSF and nutrient retention
Integrity tests were done after the osmotic backwashing experiments were completed to see the
effect of long-term operation on membrane performance and the results are shown in Figure
16. Increase in RSF was observed after the longer-term operation but its increase did not affect
retention of ammonia nitrogen. The increased RSF may be due to salt accumulation in the
remnants of fouling layer during the cleaning experiments when the draw solution became the
FS, and then its slow release during the integrity test. Maltos et al. [123] observed increased
RSF after long term operation of FO and linked it to membrane degradation. They speculated
that the interaction between the membrane surface and the organic constituents in the FS (also
causing fouling) might have degraded the membrane and compromised its salt rejection ability.
Bell et al. [128] also observed elevated RSF after long duration FO operation. Streaming
potential analysis for membrane samples indicated that the membrane became increasingly
more negatively charged. This was probably the reason for the increased RSF in their
experiments [128]. Nevertheless, no correlation between increased RSF and total ammonium
retention was observed in our experiments. Our observation somewhat contradicts that of
Kedwell et al. [162] who reported that increasing RSF and pH caused a decline in total
ammonia retention. Although ammonia nitrogen retention decreases with increasing pH,
however, it should be noted that Kedwell et al. [162] did not clarify the effect of RSF alone.
Overall, the increased RSF did not affect membrane performance in terms of its solute
(ammonia nitrogen, phosphate, TOC) retention ability in our experiments.

Figure 16: Ammonia nitrogen retention and RSF for fresh and backwashed membrane after
(a) 50 % water recovery for sodium alginate fouled membrane and (b) 20 % water recovery
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for centrate. Feed and draw were both 2 L initial volume. Draw solution was 1 M NaCl. RSF
was measured first during virgin membrane integrity test and then after osmotic backwashing.

Table 4 shows the retention of various solute constituents in the feed by the FO membrane
before and after backwashing.

Table 4: Retention of main constituents before and after osmotic backwashing after sodium
alginate fouling and centrate fouling.
Membrane

Foulant

Virgin
Backwashed
Virgin
Backwashed

Alginate
Alginate
Centrate
Centrate

Water
recovery
(%)
50
50
22
21

NH4-N
retention
(%)
54
54
79
80
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PO43retention
(%)
96
95
99
99

TOC
retention
(%)
99
98

Contact
angle
(º)
55
53
54
51

CHAPTER 5: CONCLUSIONS AND RECOMMENDATIONS
5.1 Conclusions
In this investigation several key aspects of nutrient retention by TFC membrane were analyzed.
Organic fouling by sodium alginate and humic acid caused significant flux decline due to which
lower ammonia nitrogen retention was obtained compared to clean membrane at the same ionic
concentration of the draw solution. However, overall ammonia nitrogen transport at same flux
for a fouled and clean membrane was similar. Ammonia nitrogen transport was found to be
highly dependent on flux. In accordance with existing literature, at higher flux, greater
retention was obtained. A declining trend of ammonia nitrogen retention was observed with
increasing water recovery, indicating that ammonia nitrogen retention is inversely proportional
to water recovery. This may be due to concentration of feed solution over time. Membrane area
also affected ammonia nitrogen retention. A membrane with larger surface area significantly
improved retention. This increase in retention may be connected to a decrease in operating time
for the larger surface area membrane under a fixed water recovery. This leads to the
identification of the permeate volume per unit membrane area (Vp/Am) ratio, whereas lower
Vp/Am ratio enables enhanced retention of ammonia nitrogen.

This study also compared the impact of pre-treatment of digester sludge centrate on fouling of
the FO membrane. Raw centrate was filtered and centrifuged after which the experiments were
conducted using both raw and pre-treated centrate and the flux decline trends were compared.
Interestingly, pre-treatment had no discernible effect on the flux decline. Thus FO can be
directly integrated with An-MBRs, avoiding excessive pre-treatment costs. Although fouling
was still severe when sludge centrate was used as feed, and flux declined rapidly, this can
probably be overcome by operating at a flux lower than critical flux as outlined in the existing
literature. Finally, two physical cleaning methods (i.e. high crossflow velocity flushing and
osmotic backwash) were compared and results depicted that osmotic backwash was highly
effective in recovering flux in a short duration (30 minutes) of cleaning. Flushing was not found
to be as useful in mitigating centrate-fouling. Overall, this study comprehensively
demonstrated the key parameters governing ammonia nitrogen transport in FO for optimizing
process performance.
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5.2 Recommendations for future studies
Recovering essential nutrients such as nitrogen and phosphorous is of paramount importance
for sustainability, food security and agricultural purposes. Concentrating and subsequently
recovering these nutrients from nutrient-rich wastewaters such as digester sludge centrate,
source separated urine etc. may help ensuring ecological safety and sustainability. FO is a
promising technology to overcome this challenge by effectively concentrating nutrients from
these complex waste streams. Inevitably, there are limitations in the FO process that must be
overcome before the full-scale implementation of this technology. FO membranes have
relatively lower retention of ammonia compared to phosphate, raising a point of concern. This
study aimed to elucidate some of the critical factors affecting ammonia nitrogen retention for
better understanding of the transport behavior and to optimize the FO process. However, many
critical challenges are yet to be addressed for optimization of the technology.

Fouling of FO membrane when used for concentrating sludge centrate is still severe and it
becomes economically unfeasible to run the process due to rapid flux decline. This gives low
water recovery and significant amount of clean water may be needed to overcome flux by
physical cleaning. More research is needed to improve operation and more resilient membrane
materials are needed to prolong fouling. A study to investigate use of potential anti-scalant to
reduce deposition of scales on membrane surface during pre-concentration of sludge centrate
should be conducted. A further research to study the impact of colloidal foulants on the nutrient
retention must be conducted since only organic foulants were used in this study. Research is
still in the initial stage using lab scale setups and pilot scale investigations are needed for better
assessment of applicability of this technology. Another challenge is limiting the excessive cost
of synthetic draw solution. This can be overcome by using seawater and RO brine, but still
challenges remain due to their scaling and fouling potential.

59

REFERENCES
1.

Koppelaar, R.H.E.M. and H.P. Weikard, Assessing phosphate rock depletion and
phosphorus recycling options. Global Environmental Change, 2013. 23(6): p. 14541466.

2.

Elser, J. and E. Bennett, Phosphorus cycle: A broken biogeochemical cycle. Nature,
2011. 478(7367): p. 29-31.

3.

Morse, G.K., S.W. Brett, J.A. Guy, and J.N. Lester, Review: Phosphorus removal and
recovery technologies. Science of the Total Environment, 1998. 212(1): p. 69-81.

4.

Theregowda, R.B., A.M. González-Mejía, X. Ma, and J. Garland, Nutrient Recovery
from Municipal Wastewater for Sustainable Food Production Systems: An Alternative
to Traditional Fertilizers. Environmental Engineering Science, 2019. 36(7): p. 833-842.

5.

Ansari, A.J., F.I. Hai, W.E. Price, and L.D. Nghiem, Phosphorus recovery from
digested sludge centrate using seawater-driven forward osmosis. Separation and
Purification Technology, 2016. 163: p. 1-7.

6.

Pramanik, B.K., F.I. Hai, A.J. Ansari, and F.A. Roddick, Mining phosphorus from
anaerobically treated dairy manure by forward osmosis membrane. Journal of Industrial
and Engineering Chemistry, 2019. 78: p. 425-432.

7.

Saba, D., C. Arianna, G.C. Andrea, and V. David, The Potential Phosphorus Crisis:
Resource Conservation and Possible Escape Technologies: A Review. Resources,
2018. 7(2): p. 37-37.

8.

Liu, Q., C. Liu, L. Zhao, W. Ma, H. Liu, and J. Ma, Integrated forward osmosismembrane distillation process for human urine treatment. Water Research, 2016. 91: p.
45-54.

9.

Zhang, J., Q. She, V.W.C. Chang, C.Y. Tang, and R.D. Webster, Mining Nutrients (N,
K, P) from Urban Source-Separated Urine by Forward Osmosis Dewatering.
Environmental Science & Technology, 2014. 48(6): p. 3386-3394.

10.

Ansari, A.J., F.I. Hai, W.E. Price, J.E. Drewes, and L.D. Nghiem, Forward osmosis as
a platform for resource recovery from municipal wastewater - A critical assessment of
the literature. Journal of Membrane Science, 2017. 529: p. 195-206.

11.

Singh, N., S. Dhiman, S. Basu, M. Balakrishnan, I. Petrinic, and C. Helix-Nielsen,
Dewatering of sewage for nutrients and water recovery by Forward Osmosis (FO) using
divalent draw solution. Journal of Water Process Engineering, 2019. 31: p. 100853.

60

12.

Vu, M.T., W.E. Price, T. He, X. Zhang, and L.D. Nghiem, Seawater-driven forward
osmosis for pre-concentrating nutrients in digested sludge centrate. Journal of
Environmental Management, 2019. 247: p. 135-139.

13.

Lorenzo-Toja, Y., I. Vázquez-Rowe, M.J. Amores, M. Termes-Rifé, D. Marín-Navarro,
M.T. Moreira, and G. Feijoo, Benchmarking wastewater treatment plants under an ecoefficiency perspective. Science of the Total Environment, 2016. 566-567: p. 468-479.

14.

Frijns, J., J. Hofman, and M. Nederlof, The potential of (waste)water as energy carrier.
Energy Conversion and Management, 2013. 65: p. 357-363.

15.

Batstone, D.J., T. Hülsen, C.M. Mehta, and J. Keller, Platforms for energy and nutrient
recovery from domestic wastewater: A review. Chemosphere, 2015. 140: p. 2-11.

16.

Gao, H., Y.D. Scherson, and G.F. Wells, Towards energy neutral wastewater treatment:
Methodology and state of the art. Environmental Sciences: Processes and Impacts,
2014. 16(6): p. 1223-1246.

17.

Chen, L., Y. Gu, C. Cao, J. Zhang, J.W. Ng, and C. Tang, Performance of a submerged
anaerobic membrane bioreactor with forward osmosis membrane for low-strength
wastewater treatment. Water Research, 2014. 50: p. 114-123.

18.

Meerburg, F.A., N. Boon, T. Van Winckel, J.A.R. Vercamer, I. Nopens, and S.E.
Vlaeminck, Toward energy-neutral wastewater treatment: A high-rate contact
stabilization process to maximally recover sewage organics. Bioresource Technology,
2015. 179: p. 373-381.

19.

Smith, A.L., L.B. Stadler, N.G. Love, S.J. Skerlos, and L. Raskin, Perspectives on
anaerobic membrane bioreactor treatment of domestic wastewater: A critical review.
Bioresource Technology, 2012. 122: p. 149-159.

20.

Luo, W., F.I. Hai, W.E. Price, W. Guo, H.H. Ngo, K. Yamamoto, and L.D. Nghiem,
High retention membrane bioreactors: Challenges and opportunities. Bioresource
Technology, 2014. 167: p. 539-546.

21.

Achilli, A., T.Y. Cath, E.A. Marchand, and A.E. Childress, The forward osmosis
membrane bioreactor: A low fouling alternative to MBR processes. Desalination, 2009.
239(1-3): p. 10-21.

22.

Lee, S., C. Boo, M. Elimelech, and S. Hong, Comparison of fouling behavior in forward
osmosis (FO) and reverse osmosis (RO). Journal of Membrane Science, 2010. 365(12): p. 34-39.

61

23.

Youngpil, C., D. Mulcahy, Z. Linda, and I.S. Kim, A Short Review of Membrane
Fouling in Forward Osmosis Processes. Membranes, 2017. 7(2): p. 30.

24.

Wang, Y.-N., K. Goh, X. Li, L. Setiawan, and R. Wang, Membranes and processes for
forward osmosis-based desalination: Recent advances and future prospects.
Desalination, 2018. 434: p. 81-99.

25.

Ansari, A.J., F.I. Hai, W. Guo, H.H. Ngo, W.E. Price, and L.D. Nghiem, Selection of
forward osmosis draw solutes for subsequent integration with anaerobic treatment to
facilitate resource recovery from wastewater. Bioresource Technology, 2015. 191: p.
30-36.

26.

Gu, Y., L. Chen, J.W. Ng, C. Lee, V.W.C. Chang, and C.Y. Tang, Development of
anaerobic osmotic membrane bioreactor for low-strength wastewater treatment at
mesophilic condition. Journal of Membrane Science, 2015. 490: p. 197-208.

27.

Holloway, R.W., A.E. Childress, K.E. Dennett, and T.Y. Cath, Forward osmosis for
concentration of anaerobic digester centrate. Water Research, 2007. 41(17): p. 40054014.

28.

Xie, M., L.D. Nghiem, W.E. Price, and M. Elimelech, Impact of organic and colloidal
fouling on trace organic contaminant rejection by forward osmosis: Role of initial
permeate flux. Desalination, 2014. 336: p. 146-152.

29.

Blandin, G., H. Vervoort, A. D’Haese, K. Schoutteten, J.V. Bussche, L. Vanhaecke,
D.T. Myat, P. Le-Clech, and A.R.D. Verliefde, Impact of hydraulic pressure on
membrane deformation and trace organic contaminants rejection in pressure assisted
osmosis (PAO). Process Safety and Environmental Protection, 2016. 102: p. 316-327.

30.

Ng, H.Y. and M. Elimelech, Influence of colloidal fouling on rejection of trace organic
contaminants by reverse osmosis. Journal of Membrane Science, 2004. 244(1-2): p.
215-226.

31.

Baker, R.W., Membrane technology and applications / Richard W. Baker. 3rd ed. ed.
2012: John Wiley & Sons.

32.

Zhang, T.C., Membrane technology and environmental applications / sponsored by
Membrane Technology Task Committee of the Environmental Council, Environmental
and Water Resources Institute (EWRI) of the American Society of Civil Engineers ;
edited by Tian C. Zhang ... [et al.]. 2012: American Society of Civil Engineers.

62

33.

Cath, T.Y., A.E. Childress, and M. Elimelech, Forward osmosis: Principles,
applications, and recent developments. Journal of Membrane Science, 2006. 281(1): p.
70-87.

34.

Korenak, J., S. Basu, M. Balakrishnan, C. Helix-Nielsen, and I. Petrinic, Forward
Osmosis in Wastewater Treatment Processes. Acta Chimica Slovenica, 2017. 64(1): p.
83-94.

35.

Gray, G.T., J.R. McCutcheon, and M. Elimelech, Internal concentration polarization in
forward osmosis: role of membrane orientation. Desalination, 2006. 197(1): p. 1-8.

36.

Zhao, S., L. Zou, C.Y. Tang, and D. Mulcahy, Recent developments in forward
osmosis: Opportunities and challenges. Journal of Membrane Science, 2012. 396: p. 121.

37.

Phillip, W.A., J.S. Yong, and M. Elimelech, Reverse Draw Solute Permeation in
Forward Osmosis: Modeling and Experiments. Environmental Science & Technology,
2010. 44(13): p. 5170-5176.

38.

Lutchmiah, K., A.R.D. Verliefde, K. Roest, L.C. Rietveld, and E.R. Cornelissen,
Forward osmosis for application in wastewater treatment: A review. Water Research,
2014. 58: p. 179-197.

39.

Bell, E.A., R.W. Holloway, and T.Y. Cath, Evaluation of forward osmosis membrane
performance and fouling during long-term osmotic membrane bioreactor study. Journal
of Membrane Science, 2016. 517: p. 1-13.

40.

Wang, X., V.W.C. Chang, and C.Y. Tang, Osmotic membrane bioreactor (OMBR)
technology for wastewater treatment and reclamation: Advances, challenges, and
prospects for the future. Journal of Membrane Science, 2016. 504: p. 113-132.

41.

Luo, W., F.I. Hai, W.E. Price, W. Guo, H.H. Ngo, K. Yamamoto, and L.D. Nghiem,
Phosphorus and water recovery by a novel osmotic membrane bioreactor–reverse
osmosis system. Bioresource Technology, 2016. 200: p. 297-304.

42.

Qiu, G. and Y.P. Ting, Direct phosphorus recovery from municipal wastewater via
osmotic membrane bioreactor (OMBR) for wastewater treatment. Bioresource
Technology, 2014. 170: p. 221-229.

43.

Yin Tang, M.K. and H.Y. Ng, Impacts of different draw solutions on a novel anaerobic
forward osmosis membrane bioreactor (AnFOMBR). Water Science and Technology,
2014. 69(10): p. 2036-2042.

63

44.

Zhang, X., Z. Ning, D.K. Wang, and J.C. Diniz da Costa, Processing municipal
wastewaters by forward osmosis using CTA membrane. Journal of Membrane Science,
2014. 468: p. 269-275.

45.

Wang, Z., J. Zheng, J. Tang, X. Wang, and Z. Wu, A pilot-scale forward osmosis
membrane system for concentrating low-strength municipal wastewater: performance
and implications. Scientific Reports, 2016. 6(1): p. 21653.

46.

Lutchmiah, K., E.R. Cornelissen, D.J.H. Harmsen, J.W. Post, K. Lampi, H. Ramaekers,
L.C. Rietveld, and K. Roest, Water recovery from sewage using forward osmosis.
Water Science and Technology, 2011. 64(7): p. 1443-1449.

47.

Ng, D.Y.F., B. Wu, Y. Chen, Z. Dong, and R. Wang, A novel thin film composite
hollow fiber osmotic membrane with one-step prepared dual-layer substrate for sludge
thickening. Journal of Membrane Science, 2019. 575: p. 98-108.

48.

Song, X., L. Wang, C.Y. Tang, Z. Wang, and C. Gao, Fabrication of carbon nanotubes
incorporated double-skinned thin film nanocomposite membranes for enhanced
separation performance and antifouling capability in forward osmosis process.
Desalination, 2015. 369: p. 1-9.

49.

Shen, L., W.S. Hung, J. Zuo, X. Zhang, J.Y. Lai, and Y. Wang, High-performance thinfilm composite polyamide membranes developed with green ultrasound-assisted
interfacial polymerization. Journal of Membrane Science, 2019. 570-571: p. 112-119.

50.

Cai, Y. and X.M. Hu, A critical review on draw solutes development for forward
osmosis. Desalination, 2016. 391: p. 16-29.

51.

Johnson, D.J., W.A. Suwaileh, A.W. Mohammed, and N. Hilal, Osmotic's potential:
An overview of draw solutes for forward osmosis. Desalination, 2018. 434: p. 100-120.

52.

Ge, Q., M. Ling, and T.S. Chung, Draw solutions for forward osmosis processes:
Developments, challenges, and prospects for the future. Journal of Membrane Science,
2013. 442: p. 225-237.

53.

Luo, H., Q. Wang, T.C. Zhang, T. Tao, A. Zhou, L. Chen, and X. Bie, A review on the
recovery methods of draw solutes in forward osmosis. Journal of Water Process
Engineering, 2014. 4(C): p. 212-223.

54.

Goosen, M.F.A., H. Mahmoudi, and N. Ghaffour, Today's and future challenges in
applications of renewable energy technologies for desalination. Critical Reviews in
Environmental Science and Technology, 2014. 44(9): p. 929-999.

64

55.

Valladares Linares, R., Z. Li, S. Sarp, S. Bucs, G. Amy, and J.S. Vrouwenvelder,
Forward osmosis niches in seawater desalination and wastewater reuse. Water
Research, 2014. 66: p. 122-139.

56.

Hawari, A.H., N. Kamal, and A. Altaee, Combined influence of temperature and flow
rate of feeds on the performance of forward osmosis. Desalination, 2016. 398: p. 98105.

57.

Xie, M., W.E. Price, L.D. Nghiem, and M. Elimelech, Effects of feed and draw solution
temperature and transmembrane temperature difference on the rejection of trace organic
contaminants by forward osmosis. Journal of Membrane Science, 2013. 438: p. 57-64.

58.

Phuntsho, S., S. Vigneswaran, J. Kandasamy, S. Hong, S. Lee, and H.K. Shon,
Influence of temperature and temperature difference in the performance of forward
osmosis desalination process. Journal of Membrane Science, 2012. 415-416: p. 734744.

59.

You, S.-J., X.-H. Wang, M. Zhong, Y.-J. Zhong, C. Yu, and N.-Q. Ren, Temperature
as a factor affecting transmembrane water flux in forward osmosis: Steady-state
modeling and experimental validation. Chemical Engineering Journal, 2012. 198-199:
p. 52-60.

60.

Zhao, P., B. Gao, Q. Yue, P. Liu, and H.K. Shon, Fatty acid fouling of forward osmosis
membrane: Effects of pH, calcium, membrane orientation, initial permeate flux and
foulant composition. Journal of Environmental Sciences, 2016. 46: p. 55-62.

61.

She, Q., R. Wang, A.G. Fane, and C.Y. Tang, Membrane fouling in osmotically driven
membrane processes: A review. Journal of Membrane Science, 2016. 499: p. 201-233.

62.

Xie, M., W.E. Price, and L.D. Nghiem, Rejection of pharmaceutically active
compounds by forward osmosis: Role of solution pH and membrane orientation.
Separation and Purification Technology, 2012. 93: p. 107-114.

63.

Sadrzadeh, M., J. Hajinasiri, S. Bhattacharjee, and D. Pernitsky, Nanofiltration of oil
sands boiler feed water: Effect of pH on water flux and organic and dissolved solid
rejection. Separation and Purification Technology, 2015. 141: p. 339-353.

64.

Phuntsho, S., S. Sahebi, T. Majeed, F. Lotfi, J.E. Kim, and H.K. Shon, Assessing the
major factors affecting the performances of forward osmosis and its implications on the
desalination process. Chemical Engineering Journal, 2013. 231: p. 484-496.

65

65.

McCutcheon, J.R. and M. Elimelech, Influence of concentrative and dilutive internal
concentration polarization on flux behavior in forward osmosis. Journal of Membrane
Science, 2006. 284(1-2): p. 237-247.

66.

Yip, N.Y., A. Tiraferri, W.A. Phillip, J.D. Schiffman, and M. Elimelech, High
performance thin-film composite forward osmosis membrane. Environmental Science
and Technology, 2010. 44(10): p. 3812-3818.

67.

Zhang, S., K.Y. Wang, T.S. Chung, H. Chen, Y.C. Jean, and G. Amy, Well-constructed
cellulose acetate membranes for forward osmosis: Minimized internal concentration
polarization with an ultra-thin selective layer. Journal of Membrane Science, 2010.
360(1-2): p. 522-535.

68.

Lay, W.C.L., J. Zhang, C. Tang, R. Wang, Y. Liu, and A.G. Fane, Factors affecting
flux performance of forward osmosis systems. Journal of Membrane Science, 2012.
394-395: p. 151-168.

69.

Jung, D.H., J. Lee, D.Y. Kim, Y.G. Lee, M. Park, S. Lee, D.R. Yang, and J.H. Kim,
Simulation of forward osmosis membrane process: Effect of membrane orientation and
flow direction of feed and draw solutions. Desalination, 2011. 277(1-3): p. 83-91.

70.

Tang, C.Y., Q. She, W.C.L. Lay, R. Wang, and A.G. Fane, Coupled effects of internal
concentration polarization and fouling on flux behavior of forward osmosis membranes
during humic acid filtration. Journal of Membrane Science, 2010. 354(1-2): p. 123-133.

71.

Zou, S., Y. Gu, D. Xiao, and C.Y. Tang, The role of physical and chemical parameters
on forward osmosis membrane fouling during algae separation. Journal of Membrane
Science, 2011. 366(1-2): p. 356-362.

72.

Xu, Y., X. Peng, C.Y. Tang, Q.S. Fu, and S. Nie, Effect of draw solution concentration
and operating conditions on forward osmosis and pressure retarded osmosis
performance in a spiral wound module. Journal of Membrane Science, 2010. 348(1): p.
298-309.

73.

Wong, M.C.Y., K. Martinez, G.Z. Ramon, and E.M.V. Hoek, Impacts of operating
conditions and solution chemistry on osmotic membrane structure and performance.
Desalination, 2012. 287: p. 340-349.

74.

Jiang, S., Y. Li, and B.P. Ladewig, A review of reverse osmosis membrane fouling and
control strategies. Science of The Total Environment, 2017. 595: p. 567-583.

66

75.

Motsa, M.M., B.B. Mamba, A. D’Haese, E.M.V. Hoek, and A.R.D. Verliefde, Organic
fouling in forward osmosis membranes: The role of feed solution chemistry and
membrane structural properties. Journal of Membrane Science, 2014. 460: p. 99-109.

76.

Chun, Y., F. Zaviska, S.-J. Kim, D. Mulcahy, E. Yang, I.S. Kim, and L. Zou, Fouling
characteristics and their implications on cleaning of a FO-RO pilot process for treating
brackish surface water. Desalination, 2016. 394: p. 91-100.

77.

Tow, E.W., D.M. Warsinger, A.M. Trueworthy, J. Swaminathan, G.P. Thiel, S.M.
Zubair, A.S. Myerson, and J.H. Lienhard V, Comparison of fouling propensity between
reverse osmosis, forward osmosis, and membrane distillation. Journal of Membrane
Science, 2018. 556: p. 352-364.

78.

Boo, C., M. Elimelech, and S. Hong, Fouling control in a forward osmosis process
integrating seawater desalination and wastewater reclamation. Journal of Membrane
Science, 2013. 444: p. 148-156.

79.

Parida, V. and H.Y. Ng, Forward osmosis organic fouling: Effects of organic loading,
calcium and membrane orientation. Desalination, 2013. 312: p. 88-98.

80.

Schäfer, A.I., A. Pihlajamäki, A.G. Fane, T.D. Waite, and M. Nyström, Natural organic
matter removal by nanofiltration: effects of solution chemistry on retention of low
molar mass acids versus bulk organic matter. Journal of Membrane Science, 2004.
242(1): p. 73-85.

81.

Ly, Q.V., Y. Hu, J. Li, J. Cho, and J. Hur, Characteristics and influencing factors of
organic fouling in forward osmosis operation for wastewater applications: A
comprehensive review. Environment International, 2019. 129: p. 164-184.

82.

Kim, Y., M. Elimelech, H.K. Shon, and S. Hong, Combined organic and colloidal
fouling in forward osmosis: Fouling reversibility and the role of applied pressure.
Journal of Membrane Science, 2014. 460: p. 206-212.

83.

Hori, K. and S. Matsumoto, Bacterial adhesion: From mechanism to control.
Biochemical Engineering Journal, 2010. 48(3): p. 424-434.

84.

Wang, Q., M. Hu, Z. Wang, W. Hu, J. Cao, and Z.C. Wu, Uniqueness of biofouling in
forward osmosis systems: Mechanisms and control. Critical Reviews in Environmental
Science and Technology, 2018. 48(19-21): p. 1031-1066.

85.

Flemming, H.C. and G. Schaule, Biofouling on membranes - A microbiological
approach. Desalination, 1988. 70(1-3): p. 95-119.

67

86.

Yuan, B., X. Wang, C. Tang, X. Li, and G. Yu, In situ observation of the growth of
biofouling layer in osmotic membrane bioreactors by multiple fluorescence labeling
and confocal laser scanning microscopy. Water Research, 2015. 75: p. 188-200.

87.

Blandin, G., H. Vervoort, P. Le-Clech, and A.R.D. Verliefde, Fouling and cleaning of
high permeability forward osmosis membranes. Journal of Water Process Engineering,
2016. 9: p. 161-169.

88.

Tang, C.Y., T.H. Chong, and A.G. Fane, Colloidal interactions and fouling of NF and
RO membranes: A review. Advances in Colloid and Interface Science, 2011. 164(1-2):
p. 126-143.

89.

Le-Clech, P., V. Chen, and T.A.G. Fane, Fouling in membrane bioreactors used in
wastewater treatment. Journal of Membrane Science, 2006. 284(1-2): p. 17-53.

90.

Mi, B. and M. Elimelech, Chemical and physical aspects of organic fouling of forward
osmosis membranes. Journal of Membrane Science, 2008. 320(1): p. 292-302.

91.

Arkhangelsky, E., F. Wicaksana, C. Tang, A.A. Al-Rabiah, S.M. Al-Zahrani, and R.
Wang, Combined organic-inorganic fouling of forward osmosis hollow fiber
membranes. Water Research, 2012. 46(19): p. 6329-6338.

92.

Zou, S., Y.N. Wang, F. Wicaksana, T. Aung, P.C.Y. Wong, A.G. Fane, and C.Y. Tang,
Direct microscopic observation of forward osmosis membrane fouling by microalgae:
Critical flux and the role of operational conditions. Journal of Membrane Science, 2013.
436: p. 174-185.

93.

She, Q., Y.K.W. Wong, S. Zhao, and C.Y. Tang, Organic fouling in pressure retarded
osmosis: Experiments, mechanisms and implications. Journal of Membrane Science,
2013. 428: p. 181-189.

94.

Baoxia, M.I. and M. Elimelech, Gypsum scaling and cleaning in forward osmosis:
Measurements and mechanisms. Environmental Science and Technology, 2010. 44(6):
p. 2022-2028.

95.

Li, Z.Y., V. Yangali-Quintanilla, R. Valladares-Linares, Q. Li, T. Zhan, and G. Amy,
Flux patterns and membrane fouling propensity during desalination of seawater by
forward osmosis. Water Research, 2012. 46(1): p. 195-204.

96.

Arkhangelsky, E., F. Wicaksana, S. Chou, A.A. Al-Rabiah, S.M. Al-Zahrani, and R.
Wang, Effects of scaling and cleaning on the performance of forward osmosis hollow
fiber membranes. Journal of Membrane Science, 2012. 415-416: p. 101-108.

68

97.

Wang, Y., F. Wicaksana, C.Y. Tang, and A.G. Fane, Direct Microscopic Observation
of Forward Osmosis Membrane Fouling. Environmental Science & Technology, 2010.
44(18): p. 7102-7109.

98.

Gao, Y., S. Haavisto, C.Y. Tang, J. Salmela, and W. Li, Characterization of fluid
dynamics in spacer-filled channels for membrane filtration using Doppler optical
coherence tomography. Journal of Membrane Science, 2013. 448: p. 198-208.

99.

Kim, Y., S. Lee, H.K. Shon, and S. Hong, Organic fouling mechanisms in forward
osmosis membrane process under elevated feed and draw solution temperatures.
Desalination, 2015. 355: p. 169-177.

100.

Zhao, S. and L. Zou, Effects of working temperature on separation performance,
membrane scaling and cleaning in forward osmosis desalination. Desalination, 2011.
278(1-3): p. 157-164.

101.

Mi, B. and M. Elimelech, Organic fouling of forward osmosis membranes: Fouling
reversibility and cleaning without chemical reagents. Journal of Membrane Science,
2010. 348(1): p. 337-345.

102.

Gu, Y., Y.N. Wang, J. Wei, and C.Y. Tang, Organic fouling of thin-film composite
polyamide and cellulose triacetate forward osmosis membranes by oppositely charged
macromolecules. Water Research, 2013. 47(5): p. 1867-1874.

103.

Liu, Y. and B. Mi, Combined fouling of forward osmosis membranes: Synergistic
foulant interaction and direct observation of fouling layer formation. Journal of
Membrane Science, 2012. 407-408: p. 136-144.

104.

Zhang, M., D. Hou, Q. She, and C.Y. Tang, Gypsum scaling in pressure retarded
osmosis: Experiments, mechanisms and implications. Water Research, 2014. 48(1): p.
387-395.

105.

Ng, H.Y., W. Tang, and W.S. Wong, Performance of forward (direct) osmosis process:
Membrane structure and transport phenomenon. Environmental Science and
Technology, 2006. 40(7): p. 2408-2413.

106.

McCutcheon, J.R., R.L. McGinnis, and M. Elimelech, A novel ammonia-carbon
dioxide forward (direct) osmosis desalination process. Desalination, 2005. 174(1): p. 111.

107.

Elimelech, M., X. Zhu, A.E. Childress, and S. Hong, Role of membrane surface
morphology in colloidal fouling of cellulose acetate and composite aromatic polyamide
reverse osmosis membranes. Journal of Membrane Science, 1997. 127(1): p. 101-109.

69

108.

Vrijenhoek, E.M., S. Hong, and M. Elimelech, Influence of membrane surface
properties on initial rate of colloidal fouling of reverse osmosis and nanofiltration
membranes. Journal of Membrane Science, 2001. 188(1): p. 115-128.

109.

Wei, J., C. Qiu, C.Y. Tang, R. Wang, and A.G. Fane, Synthesis and characterization of
flat-sheet thin film composite forward osmosis membranes. Journal of Membrane
Science, 2011. 372(1): p. 292-302.

110.

Tiraferri, A., Y. Kang, E.P. Giannelis, and M. Elimelech, Superhydrophilic thin-film
composite forward osmosis membranes for organic fouling control: Fouling behavior
and antifouling mechanisms. Environmental Science and Technology, 2012. 46(20): p.
11135-11144.

111.

Boussu, K., A. Belpaire, A. Volodin, C. Van Haesendonck, P. Van der Meeren, C.
Vandecasteele, and B. Van der Bruggen, Influence of membrane and colloid
characteristics on fouling of nanofiltration membranes. Journal of Membrane Science,
2007. 289(1-2): p. 220-230.

112.

Jin, X., X. Huang, and E.M.V. Hoek, Role of specific ion interactions in seawater RO
membrane fouling by alginic acid. Environmental Science and Technology, 2009.
43(10): p. 3580-3587.

113.

Setiawan, L., R. Wang, K. Li, and A.G. Fane, Fabrication and characterization of
forward osmosis hollow fiber membranes with antifouling NF-like selective layer.
Journal of Membrane Science, 2012. 394-395: p. 80-88.

114.

Tang, C.Y., Y.N. Kwon, and J.O. Leckie, Effect of membrane chemistry and coating
layer on physiochemical properties of thin film composite polyamide RO and NF
membranes. II. Membrane physiochemical properties and their dependence on
polyamide and coating layers. Desalination, 2009. 242(1-3): p. 168-182.

115.

Zhang, J., W.L.C. Loong, S. Chou, C. Tang, R. Wang, and A.G. Fane, Membrane
biofouling and scaling in forward osmosis membrane bioreactor. Journal of Membrane
Science, 2012. 403-404: p. 8-14.

116.

Valladares Linares, R., V. Yangali-Quintanilla, Z. Li, and G. Amy, NOM and TEP
fouling of a forward osmosis (FO) membrane: Foulant identification and cleaning.
Journal of Membrane Science, 2012. 421-422: p. 217-224.

117.

She, Q., X. Jin, and C.Y. Tang, Osmotic power production from salinity gradient
resource by pressure retarded osmosis: Effects of operating conditions and reverse
solute diffusion. Journal of Membrane Science, 2012. 401-402: p. 262-273.

70

118.

Park, M., J. Lee, C. Boo, S. Hong, S.A. Snyder, and J.H. Kim, Modeling of colloidal
fouling in forward osmosis membrane: Effects of reverse draw solution permeation.
Desalination, 2013. 314: p. 115-123.

119.

Xie, M., L.D. Nghiem, W.E. Price, and M. Elimelech, Impact of humic acid fouling on
membrane performance and transport of pharmaceutically active compounds in
forward osmosis. Water Research, 2013. 47(13): p. 4567-4575.

120.

Ansari, A.J., F.I. Hai, T. He, W.E. Price, and L.D. Nghiem, Physical cleaning
techniques to control fouling during the pre-concentration of high suspended-solid
content solutions for resource recovery by forward osmosis. Desalination, 2018. 429:
p. 134-141.

121.

Zheng, L., W.E. Price, and L.D. Nghiem, Effects of fouling on separation performance
by forward osmosis: the role of specific organic foulants. Environmental Science and
Pollution Research, 2019. 26(33): p. 33758-33769.

122.

Valladares Linares, R., V. Yangali-Quintanilla, Z. Li, and G. Amy, Rejection of
micropollutants by clean and fouled forward osmosis membrane. Water Research,
2011. 45(20): p. 6737-6744.

123.

Maltos, R.A., J. Regnery, N. Almaraz, S. Fox, M. Schutter, T.J. Cath, M. Veres, B.D.
Coday, and T.Y. Cath, Produced water impact on membrane integrity during extended
pilot testing of forward osmosis – reverse osmosis treatment. Desalination, 2018. 440:
p. 99-110.

124.

Wang, Y.-N., E. Järvelä, J. Wei, M. Zhang, H. Kyllönen, R. Wang, and C.Y. Tang,
Gypsum scaling and membrane integrity of osmotically driven membranes: The effect
of membrane materials and operating conditions. Desalination, 2016. 377: p. 1-10.

125.

Agenson, K.O. and T. Urase, Change in membrane performance due to organic fouling
in nanofiltration (NF)/reverse osmosis (RO) applications. Separation and Purification
Technology, 2007. 55(2): p. 147-156.

126.

Xu, P., J.E. Drewes, T.-U. Kim, C. Bellona, and G. Amy, Effect of membrane fouling
on transport of organic contaminants in NF/RO membrane applications. Journal of
Membrane Science, 2006. 279(1): p. 165-175.

127.

Mazlan, N.M., P. Marchetti, H.A. Maples, B. Gu, S. Karan, A. Bismarck, and A.G.
Livingston, Organic fouling behaviour of structurally and chemically different forward
osmosis membranes – A study of cellulose triacetate and thin film composite
membranes. Journal of Membrane Science, 2016. 520: p. 247-261.

71

128.

Bell, E.A., T.E. Poynor, K.B. Newhart, J. Regnery, B.D. Coday, and T.Y. Cath,
Produced water treatment using forward osmosis membranes: Evaluation of extendedtime performance and fouling. Journal of Membrane Science, 2017. 525: p. 77-88.

129.

Prihasto, N., Q.F. Liu, and S.H. Kim, Pre-treatment strategies for seawater desalination
by reverse osmosis system. Desalination, 2009. 249(1): p. 308-316.

130.

Ma, W., Y. Zhao, and L. Wang, The pretreatment with enhanced coagulation and a UF
membrane for seawater desalination with reverse osmosis. Desalination, 2007. 203(13): p. 256-259.

131.

Mitrouli, S.T., S.G. Yiantsios, A.J. Karabelas, M. Mitrakas, M. Fø ́llesdal, and P.A.
Kjolseth, Pretreatment for desalination of seawater from an open intake by dual-media
filtration: Pilot testing and comparison of two different media. Desalination, 2008.
222(1-3): p. 24-37.

132.

Antony, A., J.H. Low, S. Gray, A.E. Childress, P. Le-Clech, and G. Leslie, Scale
formation and control in high pressure membrane water treatment systems: A review.
Journal of Membrane Science, 2011. 383(1-2): p. 1-16.

133.

Apell, J.N. and T.H. Boyer, Combined ion exchange treatment for removal of dissolved
organic matter and hardness. Water Research, 2010. 44(8): p. 2419-2430.

134.

Milne, N.A., T. O'Reilly, P. Sanciolo, E. Ostarcevic, M. Beighton, K. Taylor, M.
Mullett, A.J. Tarquin, and S.R. Gray, Chemistry of silica scale mitigation for RO
desalination with particular reference to remote operations. Water Research, 2014. 65:
p. 107-133.

135.

Zhao, S., G. Huang, G. Cheng, Y. Wang, and H. Fu, Hardness, COD and turbidity
removals from produced water by electrocoagulation pretreatment prior to reverse
osmosis membranes. Desalination, 2014. 344: p. 454-462.

136.

She, Q., X. Jin, Q. Li, and C.Y. Tang, Relating reverse and forward solute diffusion to
membrane fouling in osmotically driven membrane processes. Water Research, 2012.
46(7): p. 2478-2486.

137.

Yip, N.Y. and M. Elimelech, Influence of natural organic matter fouling and osmotic
backwash on pressure retarded osmosis energy production from natural salinity
gradients. Environmental Science and Technology, 2013. 47(21): p. 12607-12616.

138.

Wang, Z., J. Ma, C.Y. Tang, K. Kimura, Q. Wang, and X. Han, Membrane cleaning in
membrane bioreactors: A review. Journal of Membrane Science, 2014. 468: p. 276307.

72

139.

Hickenbottom, K.L., N.T. Hancock, N.R. Hutchings, E.W. Appleton, E.G. Beaudry, P.
Xu, and T.Y. Cath, Forward osmosis treatment of drilling mud and fracturing
wastewater from oil and gas operations. Desalination, 2013. 312: p. 60-66.

140.

Hancock, N.T., P. Xu, M.J. Roby, J.D. Gomez, and T.Y. Cath, Towards direct potable
reuse with forward osmosis: Technical assessment of long-term process performance
at the pilot scale. Journal of Membrane Science, 2013. 445: p. 34-46.

141.

Valladares Linares, R., Z. Li, V. Yangali-Quintanilla, Q. Li, and G. Amy, Cleaning
protocol for a FO membrane fouled in wastewater reuse. Desalination and Water
Treatment, 2013. 51(25-27): p. 4821-4824.

142.

Valladares Linares, R., Z. Li, M. Abu-Ghdaib, C.H. Wei, G. Amy, and J.S.
Vrouwenvelder, Water harvesting from municipal wastewater via osmotic gradient: An
evaluation of process performance. Journal of Membrane Science, 2013. 447: p. 50-56.

143.

Kim, C., S. Lee, and S. Hong, Application of osmotic backwashing in forward osmosis:
Mechanisms and factors involved. Desalination and Water Treatment, 2012. 43(1-3):
p. 314-322.

144.

Motsa, M.M., B.B. Mamba, J.M. Thwala, and A.R.D. Verliefde, Osmotic backwash of
fouled FO membranes: Cleaning mechanisms and membrane surface properties after
cleaning. Desalination, 2017. 402: p. 62-71.

145.

Yoon, H., Y. Baek, J. Yu, and J. Yoon, Biofouling occurrence process and its control
in the forward osmosis. Desalination, 2013. 325: p. 30-36.

146.

Qin, J.J., B. Liberman, and K.A. Kekre, Direct osmosis for reverse osmosis fouling
control: Principles, applications and recent developments. Open Chemical Engineering
Journal, 2009. 3: p. 8-16.

147.

Muñoz-Aguado, M.J., D.E. Wiley, and A.G. Fane, Enzymatic and detergent cleaning
of a polysulfone ultrafiltration membrane fouled with BSA and whey. Journal of
Membrane Science, 1996. 117(1): p. 175-187.

148.

Xue, W., T. Tobino, F. Nakajima, and K. Yamamoto, Seawater-driven forward osmosis
for enriching nitrogen and phosphorous in treated municipal wastewater: Effect of
membrane properties and feed solution chemistry. Water Research, 2015. 69: p. 120130.

149.

Shu, L., P. Schneider, V. Jegatheesan, and J. Johnson, An economic evaluation of
phosphorus recovery as struvite from digester supernatant. Bioresource Technology,
2006. 97(17): p. 2211-2216.

73

150.

Liu, Y., J.-H. Kwag, J.-H. Kim, and C. Ra, Recovery of nitrogen and phosphorus by
struvite crystallization from swine wastewater. Desalination, 2011. 277(1): p. 364-369.

151.

Ueno, Y. and M. Fujii, Three years experience of operating and selling recovered
struvite from full-scale plant. Environmental Technology (United Kingdom), 2001.
22(11): p. 1373-1381.

152.

Mulder, J.W., M.C.M. Van Loosdrecht, C. Hellinga, and R. Van Kempen, Full-scale
application of the SHARON process for treatment of rejection water of digested sludge
dewatering, in Water Science and Technology. 2001. p. 127-134.

153.

Soler-Cabezas, J.L., J.A. Mendoza-Roca, M.C. Vincent-Vela, M.J. Luján-Facundo, and
L. Pastor-Alcañiz, Simultaneous concentration of nutrients from anaerobically digested
sludge centrate and pre-treatment of industrial effluents by forward osmosis. Separation
and Purification Technology, 2018. 193: p. 289-296.

154.

Li, Y., Z. Xu, M. Xie, B. Zhang, G. Li, and W. Luo, Resource recovery from digested
manure centrate: Comparison between conventional and aquaporin thin-film composite
forward osmosis membranes. Journal of Membrane Science, 2020. 593: p. 117436.

155.

Xie, M., L.D. Nghiem, W.E. Price, and M. Elimelech, Toward Resource Recovery from
Wastewater: Extraction of Phosphorus from Digested Sludge Using a Hybrid Forward
Osmosis-Membrane Distillation Process. Environmental Science and Technology
Letters, 2014. 1(2): p. 191-195.

156.

Qiu, G., Y.-M. Law, S. Das, and Y.-P. Ting, Direct and Complete Phosphorus Recovery
from Municipal Wastewater Using a Hybrid Microfiltration-Forward Osmosis
Membrane Bioreactor Process with Seawater Brine as Draw Solution. Environmental
Science & Technology, 2015. 49(10): p. 6156-6163.

157.

Oron, G., L. Gillerman, A. Bick, N. Buriakovsky, Y. Manor, E. Ben-Yitshak, L. Katz,
and J. Hagin, A two stage membrane treatment of secondary effluent for unrestricted
reuse and sustainable agricultural production. Desalination, 2006. 187(1-3): p. 335-345.

158.

Van Voorthuizen, E.M., A. Zwijnenburg, and M. Wessling, Nutrient removal by NF
and RO membranes in a decentralized sanitation system. Water Research, 2005. 39(15):
p. 3657-3667.

159.

Schneider, C., R.S. Rajmohan, A. Zarebska, P. Tsapekos, and C. Hélix-Nielsen,
Treating anaerobic effluents using forward osmosis for combined water purification
and biogas production. Science of the Total Environment, 2019. 647: p. 1021-1030.

74

160.

Arena, J.T., S.S. Manickam, K.K. Reimund, B.D. Freeman, and J.R. McCutcheon,
Solute and water transport in forward osmosis using polydopamine modified thin film
composite membranes. Desalination, 2014. 343: p. 8-16.

161.

Labbez, C., P. Fievet, A. Szymczyk, A. Vidonne, A. Foissy, and J. Pagetti, Analysis of
the salt retention of a titania membrane using the "DSPM" model: Effect of pH, salt
concentration and nature. Journal of Membrane Science, 2002. 208(1-2): p. 315-329.

162.

Kedwell, K.C., M.L. Christensen, C.A. Quist-Jensen, and M.K. Jørgensen, Effect of
reverse sodium flux and pH on ammoniacal nitrogen transport through biomimetic
membranes. Separation and Purification Technology, 2019. 217: p. 40-47.

163.

Weiner, I.D. and J.W. Verlander, Renal ammonia metabolism and transport.
Comprehensive Physiology, 2013. 3(1): p. 201-220.

164.

Kedwell, K.C., C.A. Quist-Jensen, G. Giannakakis, and M.L. Christensen, Forward
osmosis with high-performing TFC membranes for concentration of digester centrate
prior to phosphorus recovery. Separation and Purification Technology, 2018. 197: p.
449-456.

165.

D'Haese, A.K.H., I. De Leersnyder, P. Vermeir, and A.R.D. Verliefde, On negative
rejection of uncharged organic solutes in forward osmosis. Journal of Membrane
Science, 2018. 548: p. 22-31.

166.

Jin, X., C.Y. Tang, Y. Gu, Q. She, and S. Qi, Boric acid permeation in forward osmosis
membrane processes: Modeling, experiments, and implications. Environmental
Science and Technology, 2011. 45(6): p. 2323-2330.

167.

Nghiem, L.D., D. Vogel, and S. Khan, Characterising humic acid fouling of
nanofiltration membranes using bisphenol A as a molecular indicator. Water Research,
2008. 42(15): p. 4049-4058.

168.

Nghiem, L.D. and P.J. Coleman, NF/RO filtration of the hydrophobic ionogenic
compound triclosan: Transport mechanisms and the influence of membrane fouling.
Separation and Purification Technology, 2008. 62(3): p. 709-716.

169.

Kumar, R., P. Bhakta, S. Chakraborty, and P. Pal, Separating cyanide from coke
wastewater by cross flow nanofiltration. Separation Science and Technology, 2011.
46(13): p. 2119-2127.

170.

Kumar, R. and P. Pal, A novel forward osmosis-nano filtration integrated system for
coke-oven wastewater reclamation. Chemical Engineering Research and Design, 2015.
100: p. 542-553.

75

171.

Engelhardt, S., J. Vogel, S.E. Duirk, F.B. Moore, and H.A. Barton, Urea and
ammonium rejection by an aquaporin-based hollow fiber membrane. Journal of Water
Process Engineering, 2019. 32: p. 100903.

172.

Zheng, L., W.E. Price, J. McDonald, S.J. Khan, T. Fujioka, and L.D. Nghiem, New
insights into the relationship between draw solution chemistry and trace organic
rejection by forward osmosis. Journal of Membrane Science, 2019. 587: p. 117184.

173.

Kiriukhin, M.Y. and K.D. Collins, Dynamic hydration numbers for biologically
important ions. Biophysical Chemistry, 2002. 99(2): p. 155-168.

174.

Ma, H., C.J. Winslow, and B.E. Logan, Spectral force analysis using atomic force
microscopy reveals the importance of surface heterogeneity in bacterial and colloid
adhesion to engineered surfaces. Colloids and Surfaces B: Biointerfaces, 2008. 62(2):
p. 232-237.

175.

Hoek, E.M.V., S. Bhattacharjee, and M. Elimelech, Effect of membrane surface
roughness on colloid-membrane DLVO interactions. Langmuir, 2003. 19(11): p. 48364847.

176.

Hong, S. and M. Elimelech, Chemical and physical aspects of natural organic matter
(NOM) fouling of nanofiltration membranes. Journal of Membrane Science, 1997.
132(2): p. 159-181.

177.

Jung, J., J. Ryu, Y. Yu, and J. Kweon, Characteristics of organic fouling, reversibility
by physical cleaning and concentrates in forward osmosis membrane processes for
wastewater reclamation. Chemosphere, 2020. 245.

178.

Radu, A.I., L. Bergwerff, M.C.M. van Loosdrecht, and C. Picioreanu, A twodimensional mechanistic model for scaling in spiral wound membrane systems.
Chemical Engineering Journal, 2014. 241: p. 77-91.

179.

Pervov, A.G., Scale formation prognosis and cleaning procedure schedules in reverse
osmosis systems operation. Desalination, 1991. 83(1): p. 77-118.

180.

An, G., J. Lin, J. Li, X. Li, and X. Jian, Non-invasive measurement of membrane scaling
and cleaning in spiral-wound reverse osmosis modules by ultrasonic time-domain
reflectometry with sound intensity calculation. Desalination, 2011. 283: p. 3-9.

181.

Chai, G.Y., A.R. Greenberg, and W.B. Krantz, Ultrasound, gravimetric, and SEM
studies of inorganic fouling in spiral-wound membrane modules. Desalination, 2007.
208(1): p. 277-293.

76

